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Soil moisture is a measure of the water content in a soil that is dependent upon 
precipitation, evapotranspiration, runoff, drainage, and irrigation. Nebraska is one of the 
few states that measures soil moisture in an extensive network that records weather 
variables on a daily basis. Daily soil moisture observations are collected from depths of 
10, 25, 50, and 100 centimeters and analyzed in this research. Data from these stations 
are evaluated on the spatial and temporal scales using spatial interpolations, time-series 
analysis, and cross-correlations to better understand the variations of soil moisture in the 
Northern Great Plains. 
Spatial interpolation grids were created for May through October of 2005, after 
the data were grouped into datasets of weekly, biweekly, and monthly observations. 
These datasets were imported into a Geographic Information System (GIS) and the 
Ordinary Kriging method was applied for spatial interpolation. The interpolation 
parameters were set to create output surfaces of 4x4, 16x16, 32x32, and 64x64 kilometer 
grids for analysis of their variations. As expected, it is found that soil moisture content is 
higher in southeastern Nebraska and lower in the northwest. Changes in the grid size 
render small scale variations, however, the general pattern of estimated soil moisture 
distribution does not change. 
Vll 
The temporal analysis concluded that the soil's physical properties have a much 
greater effect on soil moisture than a station's location within the east-west moisture 
gradient. Sandy soils were consistently drier, while silt and clay soils retained water for a 
longer duration. The topmost layer of soil experiences the greatest variation due to 
interactions with the surface boundary layer. The highest water content values for silty 
soils were observed in the summer months, while the highest values for sandy soils were 
observed in the spring and fall months. The most soil moisture variation occurs in the 
summer and fall, while the least amount of variation occurs in spring and winter. 
Cross-correlations, measuring the time-lag relationship, demonstrated the impact 
of soil physical properties on soil moisture by depth, the influence of precipitation on 10 
and 25 cm depth soil moisture, and the impact of near-surface soil moisture on maximum 
surface temperature. A stronger relationship was observed between soil moisture and 
maximum surface temperatures than with precipitation and soil moisture at various 
depths. 
viii 
1. Introduction 
Soil moisture (SM) exhibits significant variations at various spatial and temporal 
scales (Mahmood 1996; Entin et al. 2000; Western et al. 2002). Scientific investigation 
in the fields of agriculture, hydrology, and atmospheric science can greatly benefit from 
SM related studies. This variable, however, is rarely measured on a regular basis and 
long-term global climatologies of SM do not exist. With little data available for scientists 
to study, any research on the variability and effects of SM is useful in these disciplines. 
Modeling, remote sensing, and other means have played a role in attempting to estimate 
or directly measure SM, but the primary and most frequent way SM is measured is 
through the implementation of instrumentation on a weather monitoring network. 
Typically, this instrumentation records SM at various depths below the surface. Many 
applications of SM have been developed, especially with regards to various crop models, 
hydrologic modeling, and Global Climate Models (GCMs). Soil moisture has been found 
to be a useful input to these models. 
In this study, observed daily SM data from Nebraska (Figure 1.1), obtained from the 
High Plains Regional Climate Center (HPRCC), are analyzed on the spatial and temporal 
scales using fundamental measures and methods, including spatial interpolations, 
temporal analysis, and cross-correlations. The primary purpose of this research is to 
analyze the spatio-temporal variations of SM at depths of 10, 25, 50, and 100 centimeters, 
which will allow an investigation into how SM fluctuates at various spatial and temporal 
scales during a period of relatively active boundary layer conditions. This research is 
essentially exploratory data analysis of a dataset that has not yet been evaluated in-depth 
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or at great length. These SM data are also being studied to better understand the effects 
of SM on land-surface-atmosphere interactions, as the variability of SM can lead to 
regional climate changes. This study is unique as there are very few observed SM 
datasets available to conduct research. 
Specific objectives of this research include the following: 
• Evaluate spatial and temporal variations of SM, 
• Quantify the impacts of spatial resolution on SM estimates, 
• Evaluate spatio-temporal variations with variogram clouds, 
• Explore SM variations on seasonal time scales, 
• Evaluate the relationship between different layers of SM using the cross-
correlation function, 
• Evaluate predictability of SM at various depths from precipitation data, 
• Evaluate predictability of maximum temperature based on SM at 10 and 25 cm 
depths. 
2. Background 
2.1 Soil Moisture and the Water Balance Equation 
Soil moisture is a measure of the actual water content stored in a soil (Oke 1987). 
Although it only adds up to less than 1/10,000 of all water on Earth, SM is an important 
variable in the atmospheric sciences, as it affects the water budget and is a primary 
component in the hydro logical cycle (Georgakakos et al. 1995; Mahmood 1996; Basara 
and Crawford 2000; Nijssen et al. 2001; Western et al. 2002; Wu and Dickinson 2004; 
Prigent et al. 2005; Gao et al. 2006, Mahmood and Hubbard 2007). Soil moisture is of 
great importance to many disciplines, including agriculture, hydrology, and atmospheric 
science, as it "plays a key role in land-surface-atmosphere interaction" (Mahmood 1996, 
273). The physical quantity of SM is represented in the water balance equation by the 
following: 
SM = P +1 - ET - R - D (2.1) 
SM: soil moisture 
P: precipitation 
I: irrigation 
ET: evapotranspiration 
R: runoff 
D: Drainage 
Changes in SM are influenced by the following components: precipitation and 
evapotranspiration, which are controlled by the atmosphere; runoff and drainage, which 
are primarily hydrological components; and irrigation, when applicable, as a human-
induced component (Oke 1987; Delworth and Manabe 1988, 1989; Robinson and 
Hubbard 1990; Robock et al. 1995; Mahmood 1996; Schlosser et al. 1997; Dirmeyer et 
al. 1999; Koster and Suarez 2001; Nijssen et al. 2001; Schlosser and Milly 2002; Western 
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et al. 2002; Wu et al. 2002; Mahmood and Hubbard 2003, 2004, 2005; Wu and Dickinson 
2004; Yang et al. 2004). 
When irrigation is not implemented at a site, precipitation becomes the only input 
affecting SM. Given that precipitation represents the only input variable in the water 
balance equation, it becomes the single most important variable affecting SM (Yang et al. 
2004). Once precipitation has fallen, it can be absorbed by the ground or by vegetation, 
leading to increases in SM (Crawford et al. 2000). Precipitation anomalies have also 
been found to produce SM anomalies lasting for months after the initial precipitation 
event, which will be further discussed later. 
As hydrological components of the water balance equation, runoff and drainage 
are heavily influenced by soil properties (Georgakakos and Bae 1994; Milly and Dunne 
1994; Western et al. 2002; Mahmood and Hubbard 2003; Yang et al. 2004). Runoff 
refers to water that does not infiltrate into the soil column and flows on the surface, while 
drainage refers to the removal of water from the soil column through gravity and other 
means (Mahmood 1996). Runoff is also influenced by rainfall rates, land use, preceding 
SM conditions, and the water capacity of the soil (Milly and Dunne 1994; Robock et al. 
1995; Mahmood 1996). In fact, the water-holding capacity can, at times, have a much 
stronger impact on runoff than any other variable (Milly and Dunne 1994; Robock et al. 
1995). A smaller water-holding capacity will result in increased runoff and less retention 
of water by the soil (Milly 1992; Milly and Dunne 1994; Robock et al. 1995). Increased 
runoff demonstrates a horizontal flux of water, preventing maximum infiltration of water 
by the soil and thus taking away from the vertical flux of water (Milly and Dunne 1994; 
Robock et al. 1995; Entin et al. 2000; Robock et al. 2000). 
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Although SM values rely heavily on the precipitation input, evapotranspiration is the 
most essential quantity affecting the variation of SM as an output of the water balance 
equation. Water located near the top of the soil profile has the most variability, mostly 
due to evapotranspiration (Mahmood and Hubbard 2004). Evapotranspiration is the 
combined quantity of evaporation and transpiration and is impacted by several variables. 
Evapotranspiration rates are influenced by daily solar radiation, the amount of water on 
the surface, vegetation type, atmospheric humidity, and wind (Shukla and Mintz 1982; 
Yeh et al. 1984; Delworth and Manabe 1988; Mahmood 1996; Scott et al. 1997; 
Crawford et al. 2000; Durre et al. 2000; Douville 2003; Mahmood and Hubbard 2003, 
2005). In the event of a positive precipitation anomaly and resulting positive SM 
anomaly, the alleviation of the anomaly depends greatly on evapotranspiration (Delworth 
and Manabe 1989; Koster and Suarez 2001; Mahanama and Koster 2005). Additionally, 
as evapotranspiration depletes the SM content, there will be a rise in air temperature that 
will in turn cause a further increase in evapotranspiration, due to the capacity of warmer 
air to hold more moisture (Delworth and Manabe 1989; Milly 1992). 
The variability of evapotranspiration over time and space is significant, and thus 
affects the variability of SM (Hollinger and Isard 1994; Western et al. 2002; Mahmood 
and Hubbard 2005). On the temporal scale, evapotranspiration reaches a maximum 
during the summer months, primarily due to higher air temperatures and the presence of 
vegetation (Delworth and Manabe 1988; Schlosser et al. 1997; Schlosser et al. 2000; 
Nijssen et al. 2001; Wu et al. 2002; Trenberth et al. 2003; Mahmood and Hubbard 2005). 
Evapotranspiration variability is at a minimum during the winter, resulting in SM 
persistence during these months (Schlosser et al. 2000; Wu et al. 2002). The extent of 
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this variability is also seen diurnally, as evapotranspiration affects the depletion of SM 
more during the day, similar to the differences in variability of summer and winter. 
2.2 Soil Moisture Observations 
Soil moisture is dependent on precipitation, and its persistence within the land 
depends on many factors, including vegetation, soil properties, land use, and topography 
(Robinson and Hubbard 1990). The applications of SM data, discussed in the next 
section, rely heavily on high quality datasets with a long period of record. This type of 
dataset, however, is not available on a global or continental scale and very few datasets 
even exist on a regional scale (Bae and Georgakakos 1994; Dirmeyer et al. 1999; 
Vinnikov et al. 1999; Dirmeyer 2000; Nijssen et al. 2001; Gao et al. 2006; Seneviratne et 
al. 2006). Moreover, the few locations that measure SM do not have a significantly long 
period of record, making studies on long-term SM trends impossible (Legates and Mather 
1992; Georgakakos et al. 1995; Dirmeyer et al. 1999; Vinnikov et al. 1999; Basara and 
Crawford 2000; Crawford et al. 2000; Durre et al. 2000; Koster and Suarez 2001; Nijssen 
et al. 2001; Mahmood and Hubbard 2003, 2004; Schneider et al. 2003; Yang et al. 2004; 
Prigent et al. 2005; Gao and Dirmeyer 2006; Koster et al. 2006b; Mahmood and Hubbard 
2007). Soil moisture datasets on any scale are limited and certainly inadequate for most 
applications. 
Although SM data are not available on a global scale, there are a few regions 
where SM instrumentation has been included in observational networks. Currently 
within the United States, only Illinois, Oklahoma, and Nebraska maintain extensive 
networks that measure SM. In the early 1980s, the Illinois State Water Survey began 
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recording SM observations at various locations throughout the state (Hollinger and Isard 
1994; Vinnikov et al. 1999; Robock et al. 2000; Leese et al. 2001; Koster et al. 2006b). 
The network in Illinois is one of the few regions in the world with a relatively long-term 
climatology of SM (Koster et al. 2006b). Oklahoma began their SM observations in the 
mid-1990s with the development of the Oklahoma Mesonet, a high-density network of 
weather monitoring stations (Vinnikov et al. 1999; Basara and Crawford 2000; Robock et 
al. 2000; Leese et al. 2001; Schneider et al. 2003; Gao et al. 2006). The HPRCC began 
recording SM in Nebraska in the late 1990s. Further description of this dataset will be 
discussed at length in the next section. Other countries that have limited regional SM 
observation networks include China, Mongolia, and the former Soviet Union (Nijssen et 
al. 2001; Western et al. 2002; Dai et al. 2004; Gao and Dirmeyer 2006; Seneviratne et al. 
2006). Homogeneity and quality of data, however, remains a significant issue for these 
networks. 
Due to the lack of SM observations, developing other methods of estimating or 
observing SM have become necessary in order to use this quantity in research and 
applications. Although global networks of SM observations would prove to be the best 
solution for the lack of observed data, this response is not realistic. Several initiatives, 
however, have been developed to attempt to facilitate the need for more in-situ SM 
observations, such as the Global Energy and Water Cycle Experiment (GEWEX), the 
Global Soil Wetness Project (GSWP), and the Global Land-Atmosphere Coupling 
Experiment (GLACE) (Dirmeyer et al. 1999; Dirmeyer 2000; Leese et al. 2001; Douville 
2003; Balsamo et al. 2006; Koster et al. 2006a). With the absence of SM data, several 
models that estimate SM based on other atmospheric and hydrologic conditions have also 
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been created (Robinson and Hubbard 1990; Durre et al. 2000; Koster and Suarez 2001; 
Nijssen et al. 2001; Mahmood and Hubbard 2003). An additional way of monitoring SM 
has developed out of advancing technology in the remote sensing discipline (Vinnikov et 
al. 1999; Robock et al. 2000; Western et al. 2002; Schneider et al. 2003; Prigent et al. 
2005; Gao and Dirmeyer 2006). Remote sensing satellites have the ability to measure 
soil moisture on a global scale, but while this approach would provide a more complete 
global SM dataset, it currently only has the capacity to measure water content at the 
topmost layer of soil (Western et al. 2002; Prigent et al. 2005; Gao and Dirmeyer 2006). 
2.3 Soil Moisture Variations 
Soil moisture is a quantity that exhibits significant variation on both spatial and 
temporal scales (Delworth and Manabe 1988, 1989; Hollinger and Isard 1994; Dirmeyer 
et al. 1999; Or and Wraith 2000; Robock et al. 2000; Leese et al. 2001; Western et al. 
2002). Soils have the ability to store water for a considerable amount of time, but the 
amount of storage that takes place depends on the physical makeup of the soil (Milly and 
Dunne 1994; Robock et al. 2000; Jury and Horton 2004). Soils can be classified by their 
fractional composition based on particle size; these fractions are sand, silt, and clay 
(Figure 2.1) (Ashman and Puri 2002; Jury and Horton 2004). Sand particles are the 
largest, followed by silt particles, and then clay (Ashman and Puri 2002). The space in 
between particles within a soil is the most essential aspect of studying SM, as the amount 
of water retained in the soil is dependent upon the size of those spaces (Robock et al. 
1995; Ashman and Puri 2002; Jury and Horton 2004). Sandy soils have larger spaces in 
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between particles, which leads to water draining from this type of soil at a faster rate than 
water in clay soils (Ashman and Puri 2002; Jury and Horton 2004). 
Soil moisture variability on a temporal scale is evident diurnally and seasonally. 
Although SM does not vary significantly over shorter time scales, it is influenced more 
during daylight hours than at night due to the presence of solar radiation and increased 
potential evaporation (Durre et al. 2000; Mahmood and Hubbard 2004, 2005). Potential 
evapotranspiration is at a minimum overnight, and the absence of radiation also leads to 
little variation of SM at night. On a seasonal scale, SM is greatly influenced by the 
growing season, which usually coincides with the warm season (Robock et al. 1995). 
The summer months exhibit great variation in SM, as the higher temperatures lead to 
increased evapotranspiration, similar to what is seen on the diurnal scale, but much more 
Percent sand 
Figure 2.1: Soil Particle Fractions. Source: Gabler et al. 2006. 
pronounced (Georgakakos and Bae 1994; Hollinger and Isard 1994; Cayan and 
Georgakakos 1995; Schlosser et al. 2000; Nijssen et al. 2001; Wu et al. 2002, 2004). 
Water content in the lower layers of the soil profile also varies considerably more 
during the summer depending on the rooting depth of the vegetation overhead (Mahmood 
1996; Robock et al. 2000; Schlosser et al. 2000; Western et al. 2002; Mahmood and 
Hubbard 2004, 2005). The root zone of various types of vegetation will affect how deep 
into the soil profile the vegetation will influence the variability of SM (Mahmood 1996; 
Robock et al. 2000; Mahmood and Hubbard 2004, 2005). Most crops and natural 
vegetation get their water from the soil; hence, the need to understand the spatio-temporal 
variation of SM is essential (Robock et al. 2000). 
2.4 Applications of Soil Moisture 
The primary and most common study of SM is concerned with agriculture, as SM 
affects crop growth and maturity (Changnon and Kunkel 1999; Dirmeyer et al. 1999; 
Leese et al. 2001; Mahmood and Hubbard 2004; Prigent et al. 2005). Besides the more 
obvious application of SM to agriculture, the quantity can also be applied to studies in 
hydrology, meteorology, and climatology (Changnon and Kunkel 1999; Dirmeyer et al. 
1999; Jury and Horton 2004; Mavi and Tupper 2004; Prigent et al. 2005). Hydrologists 
are concerned with the impacts of SM, especially when studying runoff and infiltration 
into groundwater systems (Jury and Horton 2004). These scientists use SM data for 
streamflow and basin models, as well as for water management and the monitoring of 
floods and droughts (Dirmeyer et al. 1999; Entin et al. 2000; Leese et al. 2001; Prigent et 
al. 2005). 
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Over the last couple decades the role of SM in weather and climate predictions 
has gained notable attention (Dirmeyer et al. 1999; Fennessy and Shukla 1999; Entin et 
al. 2000; Leese et al. 2001; Wu and Dickinson 2004). While measuring SM has become 
a more prominent feature on weather stations, there is still not a large enough period of 
record to make conclusions about the overall variability of SM on a global scale 
(Mahmood and Hubbard 2004). Studying the influence of SM on climate and 
atmospheric processes, however, has been recognized as an essential part of future 
research in multiple disciplines (Leese et al. 2001). 
Much research focusing on the effects of SM on climate has been completed 
using Global Climate Models (GCM) (Shukla and Mintz 1982; Delworth and Manabe 
1988; Atlas et al. 1993; Fennessy and Shukla 1999). Soil moisture has been proven to be 
an essential component in assessing the accuracy of GCMs (Robock et al. 1995; 
Dirmeyer et al. 1999; Fennessy and Shukla 1999; Crawford et al. 2000; Mahmood and 
Hubbard 2003; Balsamo et al. 2006). In one of the earliest studies, Shukla and Mintz 
(1982) used a GCM to show the degree to which SM impacts surface temperatures and 
precipitation on a global scale (Figure 2.2). In the dry-soil model, temperatures were 
shown to significantly increase globally, especially in continental locations such as the 
Great Plains region of the United States. Temperatures in the wet-soil model also 
showed variation on a global scale, but the estimated values were much closer to the 
observed temperature values. Global precipitation amounts were also affected by the use 
of SM as an input to the GCM. In this simulation, the dry-soil model led to a significant 
decrease in global precipitation, while the wet-soil model again showed more realistic 
variations. The work by Shukla and Mintz (1982) has shown the great impact that 
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antecedent SM conditions have on both surface temperatures and precipitation. 
Additional research by Mintz (1984), Fennessy and Shukla (1999), and Dirmeyer (2000) 
have also demonstrated that SM is an essential variable in climate prediction models and 
that it has a much greater impact on the models than variations of surface roughness and 
albedo. The implementation of SM observation networks on a much greater scale than 
currently exist would be highly beneficial to those researching climate predictions with 
GCMs (Dirmeyer et al. 1999; Nijssen et al. 2001; Shen et al. 2001; Douville 2003; Yang 
et al. 2004; Mahmood and Hubbard 2007). 
Simulated July precipitation Simulated July surface temperatures 
a) wet-soil model and b) dry-soil model a) wet-soil model and b) dry-soil model 
Figure 2.2: Global Climate Models from Shukla and Mintz 1982. 
Researchers investigating droughts and floods have also found that antecedent SM 
conditions will affect the strength and duration of a drought or flood. Soils that exhibit 
dry conditions in the weeks leading up to the summer months have a profound impact on 
rainfall amounts and increases in air temperature over the next few months, possibly 
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leading to drought conditions (Shukla and Mintz 1982; Atlas et al. 1993; Cayan and 
Georgakakos 1995; Fennessy and Shukla 1999; Entin et al. 2000; Wu et al. 2002; Wu and 
Dickinson 2004). Lack of precipitation coupled with low SM conditions will also 
increase the probability of drought (Trenberth et al. 2003). With the occurrence of 
floods, increased runoff is the major influence, as saturated soil will not allow 
precipitation to infiltrate; additional precipitation can lead to a flood event (Mahmood 
1996; Entin et al. 2000; Wilker et al. 2006). Many studies have shown that there is a 
strong relationship between SM and regional climate conditions (Delworth and Manabe 
1989; Georgakakos et al. 1995; Mahmood et al. 2004). Soil moisture anomalies, whether 
they are overly dry or wet, have an increased effect on precipitation and temperatures 
compared to normal conditions because of the correlation between SM and 
evapotranspiration (Yeh et al. 1984; Georgakakos et al. 1995; Koster and Suarez 1996; 
Mahmood et al. 2004). Larger (smaller) SM values lead to an increase (decrease) in 
evapotranspiration, which in turn increases (decreases) regional precipitation and 
decreases (increases) surface air temperatures (Yeh et al. 1984; Delworth and Manabe 
1988, 1989; Fennessy and Shukla 1999; Dirmeyer 2000). 
2.5 Impacts of Soil Moisture Variations 
The impact that SM has on climate, specifically on the variations of 
evapotranspiration, precipitation, and surface temperatures, has been demonstrated by 
several studies. A strong correlation between SM and the quantities of 
evapotranspiration, precipitation, and surface temperatures on a regional scale is highly 
evident, especially in the Great Plains region of the United States (Delworth and Manabe 
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1988; Atlas et al. 1993; Zhao and Khalil 1993; Georgakakos et al. 1995; Dai et al. 1999; 
Dirmeyer 2000; Douville 2003; Mahmood and Hubbard 2003; Wu and Dickinson 2004; 
Kochendorfer and Ramirez 2005; Lawrence and Slingo 2005; Mahanama and Koster 
2005; Koster et al. 2006a; Seneviratne et al. 2006). The greatest amount of SM variation 
occurs in the topmost layer of the soil compared to the deeper layers; increased variations 
in evapotranspiration also occur and affect the topmost layer (Yeh et al. 1984; Delworth 
and Manabe 1989; Mahmood and Hubbard 2004). Studies have shown that increases in 
the water content of soil greatly affect the amount of evapotranspiration that occurs, 
primarily because the increase of available moisture will increase potential 
evapotranspiration (Yeh et al. 1984; Delworth and Manabe 1989; Mahmood et al. 2004). 
Evapotranspiration of SM increases the amount of water vapor in the atmosphere, thus 
increasing the moisture supply for cloud and precipitation development (Yeh et al. 1984; 
Delworth and Manabe 1989; Koster and Suarez 1996; Mahmood and Hubbard 2004). 
Enhanced regional precipitation has been observed when the water content of the soil was 
at an increased level in the weeks and months leading up to the observed precipitation 
event (Shukla and Mintz 1982; Yeh et al. 1984; Koster and Suarez 1996; Koster and 
Suarez 2001; Wu et al. 2002; Yang et al. 2004; Kochendorfer and Ramirez 2005; 
Mahanama and Koster 2005; Koster et al. 2006a). 
Although a correlation between SM and precipitation has been observed, the 
correlation between SM and surface temperatures is much stronger (Dirmeyer 2000). 
Surface air temperatures are affected by variations of SM and evapotranspiration as an 
increase in atmospheric water vapor prevents surface temperatures from increasing 
significantly (Yeh et al. 1984; Delworth and Manabe 1989; Zhao and Khalil 1993; Dai et 
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al. 1999; Fennessy and Shukla 1999; Dirmeyer 2000; Durre et al. 2000; Koster and 
Suarez 2001; Yang et al. 2004). Therefore, drier soils will lead to higher surface 
temperatures, while soils containing high amounts of water will tend to limit maximum 
daily surface temperatures. This increase of surface air temperature only affects the 
maximum daily temperature during the warm season, and does not affect overnight or 
winter temperatures (Delworth and Manabe 1988; Dai et al. 1999; Mahmood et al. 2004). 
Variations of SM also affect the partitioning of outgoing radiation by modifying 
latent and sensible heat fluxes (Yeh et al. 1984; Delworth and Manabe 1989; 
Georgakakos et al. 1995; Basara and Crawford 2000; Dirmeyer 2000; Mahmood et al. 
2004; Gao et al. 2006). Net outgoing radiation must be conserved, so any changes in the 
partitioning of energy must occur through the inverse relationship of latent and sensible 
heat fluxes (Oke 1987; Delworth and Manabe 1988, 1989; Basara and Crawford 2000; 
Kochendorfer and Ramirez 2005; Lawrence and Slingo 2005). Soil moisture has a 
significant effect on surface temperatures through the partitioning of outgoing energy, 
and its variation on a temporal scale influences daytime summer temperatures the most 
(Yeh et al. 1984; Georgakakos et al. 1995; Oke 1987; Delworth and Manabe 1988, 1989; 
Scott et al. 1997; Dai et al. 1999; Dirmeyer et al. 1999; Dirmeyer 2000; Nijssen et al. 
2001; Mahmood et al. 2004; Yang et al. 2004; Lawrence and Slingo 2005; Gao et al. 
2006; Wilker et al. 2006). Increases in the soil water content allows for more moisture to 
be available to the atmosphere, transferred through evapotranspiration, which in turn 
increases latent heat (Yeh et al. 1984; Delworth and Manabe 1988, 1989; Atlas et al. 
1993; Dai et al. 1999; Dirmeyer 2000; Durre et al. 2000; Mahmood et al. 2004). The 
increase of latent heat takes away from the energy partitioned as sensible heat, resulting 
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in a decrease of surface temperatures and an increase in available atmospheric moisture 
(Yeh et al. 1984; Delworth and Manabe 1988, 1989; Milly and Dunne 1994; Dai et al. 
1999; Mahmood et al. 2004). Irrigated lands are even more prone to increasing latent 
heat because of the human-induced action of increasing available moisture for 
evapotranspiration (Mahmood et al. 2004). Drier soils and increased sensible heat affects 
peak daily maximum temperatures and has even been found to be partially responsible 
for maximum temperature extremes (Delworth and Manabe 1989; Atlas et al. 1993; 
Georgakakos et al. 1995; Durre et al. 2000; Santanello and Carlson 2001). 
2.6 Spatial Interpolation 
The use of spatial interpolations in geographical analyses has become more 
prominent in recent years. Spatial interpolations are used when a given variable is 
available at a number of points and the data needs to be expanded to cover an areal 
surface rather than a series of points. The process of interpolation takes available data 
from each known point and makes a gridded estimation in areas where observations are 
not available (Longley et al. 2001; Chang 2002; Lo and Yeung 2002; Gedeon et al. 2003; 
O'Sullivan and Unwin 2003; Krivoruchko and Gotway 2004; Hewitson and Crane 2005). 
Several disciplines have found spatial interpolations of certain variables to be very 
beneficial in research (Holt and Benwell 1999; Kurtzman and Kadmon 1999). Climate 
variables, such as temperature and precipitation, for example, can be easily and 
functionally interpolated to create a wider range of estimations for an area, rather than 
solely relying on point data for analysis (Holt and Benwell 1999; Kurtzman and Kadmon 
1999; Hewitson and Crane 2005). 
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Although spatial interpolations estimate the value of a variable in a given area, 
most interpolation methods have been developed to minimize the magnitude of errors in 
the estimation. There are certain techniques available for calculating or estimating the 
amount of error in the interpolation surface, including cross-validation. Cross-validation 
compares the value at the original point with the interpolated value (Host et al. 1995). 
Interpolated surfaces experience the least amount of error when the point data available 
for analysis are relatively dense (Host et al. 1995; Vinnikov et al. 1999). One significant 
disadvantage of spatial interpolation is that the computerized interpolations do not 
account for climatological or environmental factors, such as the presence of water bodies, 
elevation changes, vegetation cover, or soil physical properties; it only takes into account 
the observed values of the variable being interpolated (Daly et al. 2002). In geography, 
Tobler's First Law makes general assumptions about the similarity of attributes between 
locations with small spatial distances; estimations made by spatial interpolations are 
determined by nearby observed data points based on this geographic theory (Tobler 
1970). 
Several interpolation methods have been developed, but one of the most common 
in use today is Kriging. Kriging is a geostatistically-based interpolation method, which 
uses a family of linear regression algorithms to make its variable estimations (Daly et al. 
1994; Chang 2002; Davis 2002; Lo and Yeung 2002). Kriging is a local interpolation 
method, indicating that the interpolation uses neighboring points to estimate the value at a 
given unmeasured point rather than using the entire dataset (Chang 2002; Lo and Yeung 
2002; O'Sullivan and Unwin 2003). The Kriging method assumes that the observations 
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and their spatial variations are not random; it also assumes that the mean has a constant 
value (Chang 2002; Davis 2002; Kanaroglou et al. 2002). 
The Kriging interpolation method determines the amount of influence each data 
point should have on the estimation of neighboring areas with the development of a 
semivariogram (Longley et al. 2001; Shen et al. 2001; Chang 2002; Daly et al. 2002; 
Davis 2002; Lo and Yeung 2002; Western et al. 2002; Gedeon et al. 2003; O'Sullivan 
and Unwin 2003). The semivariogram is a plot relating semivariance values to the 
distances between all the points being compared (Chang 2002; Davis 2002; Western et al. 
2002). Semivariance is a measure of dispersion, indicating the amount of spatial 
dependence that exists between points; points closer together should exhibit similar 
values while an increase in the distance between points should increase those differences 
(Chang 2002; Davis 2002; O'Sullivan and Unwin 2003). Semivariance can be expressed 
as follows (Chang 2002; Davis 2002): 
Once the semivariance values of the dataset have been determined, they are plotted 
against the distance, or lag, between the points to create the semivariogram. The model 
estimated from semivariograms can be described by the range, sill, and nugget elements 
(Figure 2.3). 
1 (2.2) 
y: semivariance 
h: distance between points 
n: number of points 
jc: variable measurement 
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Figure 2.3: Semivariogram Model. Based on figures from Chang 2002, Lo and Yeung 2002, and 
O'Sullivan and Unwin 2003. 
The range is the distance to which the semivariance begins to level off (Longley 
et al. 2001; Chang 2002; Davis 2002; Western et al. 2002; O'Sullivan and Unwin 2003). 
The sill is the constant semivariance value where the semivariance no longer increases 
(Longley et al. 2001; Chang 2002; Davis 2002; O'Sullivan and Unwin 2003). The 
nugget is the value of the semivariance with the distance set to zero; it can be interpreted 
as the measurement error of the instrumentation (Longley et al. 2001; Chang 2002; 
O'Sullivan and Unwin 2003). These parameters are used in the development of a 
mathematical model describing the semivariogram, which in turn will aid in designing 
how the Kriging spatial interpolation method is implemented. 
3. Data and Methodology 
3.1 Soil Moisture Data 
This research investigates the variations of observed SM in one of the few 
locations in the United States that extensively measures this quantity. The SM data 
analyzed are available from the High Plains Regional Climate Center (HPRCC), which 
maintains the Automated Weather Data Network (AWDN). The AWDN is a regional 
network of 150 environmental monitoring stations throughout ten states that measure a 
variety of hourly and daily atmospheric variables. Fifty-two of these stations are located 
in Nebraska (Figure 3.1). A portion of Nebraska AWDN stations have been instrumented 
with SM equipment since 1998, but most stations have only been recording this quantity 
since 2004. The Hydra SM probes from Vitel were placed under grass-covered surfaces. 
The AWDN stations in Nebraska follow a very pronounced moisture gradient from east 
to west, with stations in the west experiencing much drier conditions than those in the 
east (Mahmood and Hubbard 2003, 2005; Mahmood et al. 2004). The observed SM data 
from the Nebraska AWDN stations have also gone through a quality control procedure to 
verify that observations are valid and accurate. 
The Nebraska AWDN stations measure SM at depths of 10, 25, 50, and 100 
centimeters on a daily basis. Soil moisture values are measured in volumetric water 
content, which describes how much water occupies a volume of soil as a percentage of 
the total volume. In this regard, SM observations are very different from other 
climatological variables, since there are set boundaries for the value of SM (Koster et al. 
2006b). In terms of volumetric water content, the minimum observation of SM at a 
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station cannot be less than zero, which would signify completely dry soil, and it cannot 
surpass 100%, which signifies completely saturated soil (Koster et al. 2006b). For this 
research, data from the observation depths of 10, 25, 50, and 100 cm have been collected 
for all available quality controlled stations for the entire period of record. The various 
analyses completed in the research use different portions of the dataset and are described 
in the following sections. 
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Figure 3.1: AWDN Stations in Nebraska 
3.2 Spatial Interpolations 
Investigating the spatial variations of the observed SM is completed through 
spatial interpolations created in a GIS using ArcGIS Geostatistical Analyst Extension. 
Soil moisture data for this analysis are selected from those stations with available 
observations during the warm season of 2005, which includes the months of May through 
September and coincides with the growing season in this region. The researcher has 
noted that this is a short time period to evaluate the data, however, the analysis would 
provide a first insight into SM variations during the warm season in Nebraska and hence, 
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the Northern Great Plains. This time period was also chosen because of the number of 
stations that recorded SM data in 2005; very few stations in the state made daily SM 
observations prior to this time, making this type of analysis impossible before 2005. 
Instead of interpolating SM with all of the available quality-controlled Nebraska stations, 
a smaller area with a dense distribution of stations was chosen. The density of AWDN 
stations is greater in the southeast and central portions of Nebraska, which led to the 
selection of four climate divisions in that region to create the study area. Within this 
study area, there are 17 stations that measured SM for all of 2005. An additional nine 
stations surrounding the study area have been included in the spatial analysis to provide a 
more accurate assessment of observed SM and to reduce the edge effect (Figure 3.2 and 
Table 3.1). 
iMomgters 
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Figure 3.2: Map of Stations Analyzed with Spatial Interpolations 
25 
Table 3.1: List of Stations Analyzed with Spatial Interpolations 
Name County Latitude Longitude Elevation (m) 
BARTA Rock 42.23333 -99.65 777 
BEATRICE Jefferson 40.3 -96.93333 376 
BRUNSWICK Antelope 42.35 -97.91667 548 
CENTRAL CITY Merrick 41.15 -97.96667 517 
CLAY CENTER(SC) Clay 40.56667 -98.13333 552 
COZAD Dawson 40.96667 -99.95 793 
CURTISUNSTA Frontier 40.63333 -100.5 784 
DICKENS Lincoln 40.95 -100.96667 945 
ELGIN Antelope 41.93333 -98.18333 619 
GRAND ISLAND Hall 40.88333 -98.5 507 
HALSEY Blaine 41.9 -100.15 824 
INDIAN CAVE STATE PARK Nemaha 40.28333 -95.61667 333 
KEARNEY Buffalo 40.71667 -99.01667 555 
LEXINGTON Dawson 40.76667 -99.73333 728 
MERNA Custer 41.45 -99.76667 809 
MINDEN Kearney 40.51667 -99.05 658 
MONROE Platte 41.38333 -97.51667 472 
NEBRASKA CITY 2N Otoe 40.7 -95.88333 328 
NORTH PLATTE Lincoln 41.08333 -100.76667 861 
O'NEILL Holt 42.46667 -98.75 625 
ORD Valley 41.61667 -98.93333 625 
RED CLOUD Webster 40.08333 -98.28333 524 
SHELTON Buffalo 40.73333 -98.75 614 
SMITHFIELD Gosper 40.58333 -99.66667 768 
WEST POINT Cuming 41.85 -96.73333 442 
YORK York 40.86667 -97.61667 490 
Before interpolating the SM data from the 26 stations, the daily SM data were 
averaged to weekly, biweekly, and monthly time scales. Interpolations of the SM were 
completed using the Ordinary Kriging method. After several trials, Ordinary Kriging was 
found to be the most effective method for this research, compared to Simple Kriging and 
the Inverse Distance Weighted methods. The Ordinary Kriging interpolation parameters 
were set to use a spherical semivariogram model and all properties of the model were set 
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to be identical for all interpolations (Table 3.2). Since the results of the interpolations are 
not for predictions purposes, only to explore the general pattern, the parameters do not 
need to be precise to each interpolation. Spatially, all interpolation outputs were set to 
create surfaces of 4x4, 16x16, 32x32, and 64x64 kilometer grids. These grids will show 
SM variations on various resolution scales and demonstrate that resolution changes will 
affect interpolated values. The interpolation values at various resolution scales are 
analyzed to compare how the minimum, maximum, mean, and standard deviation values 
vary. 
Table 3.2: Spherical Semivariogram Properties 
Property Value 
Major Range 268380 
Partial Sill 74.584 
Nugget 10.866 
Lag Size 37827 
Number of Lags 12 
3.3 Temporal Analysis 
Data from eleven stations are used for long-term analysis (Figure 3.3 and Table 
3.3). These stations are selected based on the length of the SM time series, beginning in 
1998/99 and going through 2004. The examination of the SM data on the temporal scale 
is completed through the use of boxplots. A series of boxplots are created to visualize the 
seasonal changes in SM based on location. The influence of the soil's physical properties 
and location within the east-west moisture gradient are expected to be observed in the 
temporal analysis. 
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Figure 3.3: Map of Stations Evaluated in Temporal and Cross-Correlation Analyses 
Results from the stations in blue are highlighted in the cross-correlation analyses. 
Table 3.3: List of Stations Evaluated in Temporal and Cross-Correlation Analyses 
Name County Latitude Longitude Elevation (m) SM Start Date 
ALLIANCE WEST Box Butte 42.01667 -103.13333 1213 1/26/1999 
CONCORD(NE) Dixon 42.38333 -96.95 445 1/26/1999 
ELGIN Antelope 41.93333 -98.18333 619 1/26/1999 
GUDMUNDSENS Grant 42.06667 -101.43333 1049 5/8/1998 
INDIAN CAVE 
STATE PARK Nemaha 40.28333 -95.61667 333 7/20/1999 
MCCOOK Red Willow 40.23333 -100.58333 792 1/1/1998 
MEAD Saunders 41.15 -96.48333 366 1/1/1998 
MITCHELL 
FARMS Scotts Bluff 41.93333 -103.7 1098 1/26/1999 
O'NEILL Holt 42.46667 -98.75 625 1/1/1998 
ORD Valley 41.61667 -98.93333 625 1/26/1999 
WEST POINT Cuming 41.85 -96.73333 442 1/26/1999 
Results from the stations in blue are highlighted in the cross-correlation analyses. 
Since spatial variations of SM are considerably variable from season to season, it 
is important to be able to quantify those differences. Variogram clouds are developed to 
show the variability between seasons. Variogram clouds are scatterplots showing the 
relationship between the square root of SM differences and the spatial distance between 
each set of data points (Chang 2002; O'Sullivan and Unwin 2003). This graphic will aid 
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in showing the spatial variability of SM between the wet and dry seasons, in particular 
between the months of June and January, respectively. In this analysis, the average of all 
available SM data points for each month during the period of 1998 through 2004 will be 
calculated and evaluated to create the variogram clouds. 
3.4 Cross-Correlations 
Cross-correlation is a function that indicates the strength of the relationship 
between two datasets and is represented by the following: 
The coefficients of cross-correlation are between -1.0 and +1.0, with values closer to ±1.0 
indicating a stronger relationship and coefficients of 0.0 meaning there is no relationship 
between the datasets. The cross-correlation function also has the capability to measure 
the time-lag relationship between two variables, indicating the size of the lag between the 
two datasets where the strongest relationship is observed. 
In another temporal analysis, the cross-correlation of near-surface (10 cm) SM 
observations to the deeper layers of 25, 50, and 100 cm are compared. Cross-correlation 
has proven to be an indicator of the relationship between multiple layers of SM 
measurements (Georgakakos et al. 1995; Mahmood 2007). For this analysis, SM data is 
collected from the same eleven stations (Figure 3.3 and Table 3.3) and the results from 
three stations in particular will be highlighted. These three stations are located in the 
CC(X,Y) = (3.1) 
X: Array of values 
Y: Second array of values to be correlated with array* 
x : Mean of array x 
y : Mean of array y 
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different hydroclimatological regions of Nebraska. The presence of the east-west 
moisture gradient creates drier conditions in the west and the land surface becomes 
progressively wetter into the eastern sections of the state. Based on this pronounced 
moisture gradient and the completeness of their datasets, the stations of West Point, Ord, 
and Mitchell Farms were chosen to be highlighted in the cross-correlation analyses (see 
Figure 3.3 and Table 3.3). West Point is located in the eastern portion of the state, where 
average annual precipitation is 738 mm; Mitchell Farms is located in the semi-arid 
climate region of western Nebraska with an average annual precipitation of 340 mm, and 
Ord is situated in the middle of these two distinct regions with an average annual 
precipitation of 596 mm (HPRCC 2007). 
Since land-surface-atmosphere interactions are most prominent during the warm 
season, the daily SM data at all four observation depths for these stations are analyzed 
from May through September of 1999 through 2004. Data obtained from the HPRCC are 
imported into a spreadsheet and the cross-correlation function is implemented to compare 
the time-lag relationship between the 10 cm depth, considered to be near-surface, and 
each additional depth measured at a station. As noted above, the results are expected to 
show the strength of the relationship between 10 cm and 25 cm data, 10 cm and 50 cm 
data, and 10 cm and 100 cm data. 
Additional cross-correlation analyses are completed to compare the time-lag 
relationship between precipitation and SM at all observation layers, and between near-
surface SM and daily maximum temperature. The precipitation and temperature data are 
also available from the High Plains Regional Climate Center and are obtained for the 
same stations and for the same time periods as the first cross-correlation analysis. The 
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precipitation cross-correlation analysis shows the time-lag relationship between 
precipitation (P) and SM; the analysis includes the cross-correlations of P:10 cm, P:25 
cm, P:50 cm, and P:100 cm during the warm season of May though September of 1999 
through 2004. The temperature cross-correlation analysis shows the strength of the time-
lag relationship between SM and maximum temperature, as changes in daily maximum 
temperatures are partially influenced by SM variations. In this analysis, the maximum 
temperature ( T m a x ) cross-correlations is completed for 10 cm:Tmax and 25 cm:Tmax, since 
near-surface SM observations can affect maximum temperature. It is assumed that SM at 
deeper layers has limited impact on seasonal-scale maximum temperature response. 
4. Results and Discussion 
4.1 Spatial Interpolations 
Spatial interpolations in this research have been beneficial in visualizing SM 
variations throughout the 2005 warm season on various spatial and temporal scales. In 
this analysis, the SM data were averaged to weekly, biweekly, and monthly datasets and 
the output surfaces were gridded to cell sizes of 4x4, 16x16, 32x32, and 64x64 km. 
Figure 4.1 is an example of an output grid created by spatial interpolation; Appendix A 
contains additional interpolation figures by SM depth and spatial resolution, while the 
accompanying CD contains animations of the interpolations. In analyzing the SM 
variations on the temporal scale with spatial interpolations, the greatest variation and 
highest values of SM occur around the month of June for all soil depths. The summer 
months are part of the wet season in this region, and June is the month that receives the 
most precipitation, making this observation congruent with past research (HPRCC 2006). 
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Weekly 10cm Interpolation 64x64 Grid Resolution 
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Figure 4.1: Example Outputs of 4x4, 16x16, 32x32, and 64x64 km Grids from Spatial Interpolations 
Various soil physical properties are observed at stations around Nebraska; it was 
found that silty soils dominate the study area, especially at the 10 and 25 cm depths. The 
silty soils have a larger water-holding capacity than the sandy soils of the north and 
northwest sections of the study area (Figure 4.2). These areas with sandy soils are 
consistently drier, while the underlying clay soils of the central and southeast regions 
exhibit much more variability, especially in the summer during peak precipitation and 
evapotranspiration. 
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Figure 4.2: Map of Soil Physical Properties by Depth 
Areas that had consistently less volumetric water content are located in the 
northwest portion of the study area, which correlates with the east-west moisture gradient 
(HPRCC 2006). When comparing the 4x4, 16x16, 32x32, and 64x64 kilometer grids, 
this same pattern can be observed. Even as the grid size increases, the lower SM values 
of the sandy soils in the north and northwest regions have a much greater effect on the 
SM values of the grid cells in those locations. The physical properties of soils in the 
central and southeastern portion of the study area, coupled with greater precipitation 
amounts, create a soil profile that has higher volumetric water content throughout the 
warm season. While less small scale variation can be seen with an increase in grid size, 
there are only slight changes in the general pattern. 
One of the objectives of this research is to identify the impacts of coarser grid size 
on interpolated SM estimates. This part of the analysis was completed by comparing 
basic statistical measures, including minimum, maximum, mean and standard deviation, 
and observing the magnitude of change of the statistics as the grid size increased. These 
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statistics were calculated for every interpolation surface created in this analysis. As the 
grid size increases, the number of cells that encompass the study area decreases, leading 
to a change in the basic statistics of the output surface. Tables 4.1-4.4 show the statistics 
for the interpolation grids at every SM observation depth and also include the statistics 
for the raw station data prior to interpolation for comparison. 
Table 4.1: 10 cm Depth Spatial Interpolation Grid Statistics 
Week 18 
Grid Min Max Mean StDev 
stations 7.00 37.21 22.12 8.89 
4x4 11.08 33.04 25.32 5.03 
16x16 11.49 32.81 25.30 5.02 
32x32 13.28 32.48 25.43 4.84 
64x64 18.31 31.53 25.81 3.95 
Biweek 9 
Min Max Mean StDev 
7.37 37.72 23.32 8.91 
11.92 33.91 26.64 5.05 
12.39 33.74 26.63 5.05 
14.34 33.56 26.76 4.87 
19.38 32.63 27.14 4.01 
Month 5 
Min Max Mean StDev 
7.62 35.49 21.57 8.21 
10.18 31.32 23.96 4.15 
10.56 30.70 23.87 4.16 
12.33 29.39 23.93 3.96 
17.31 29.00 24.20 3.03 
Week 19 
Grid Min Max Mean StDev 
stations 8.68 37.16 22.15 8.19 
4x4 11.96 32.30 24.63 4.18 
16x16 12.35 31.77 24.57 4.17 
32x32 14.08 30.63 24.65 4.00 
64x64 18.91 29.82 24.92 3.14 
Biweek 10 
Min Max Mean StDev 
8.59 37.45 23.40 8.51 
12.05 33.12 26.04 4.23 
12.50 32.52 25.95 4.24 
14.40 31.21 26.02 4.04 
19.67 30.43 26.28 3.14 
Week 20 
Grid Min Max Mean StDev 
stations 8.51 37.73 24.65 9.07 
4x4 12.13 33.97 27.44 4.35 
16x16 12.65 33.27 27.33 4.38 
32x32 14.73 32.34 27.39 4.18 
64x64 20.44 31.74 27.64 3.25 
Biweek 11 
Min Max Mean StDev 
6.17 34.15 20.29 7.74 
9.18 28.32 24.76 3.62 
9.54 27.71 21.62 3.65 
11.27 27.65 21.57 3.48 
15.92 25.84 21.70 2.75 
Week 21 
Grid Min Max Mean StDev 
stations 4.73 33.94 19.43 8.54 
4x4 7.15 29.18 21.42 4.21 
16x16 7.51 28.55 21.30 4.22 
32x32 9.25 27.98 21.32 4.00 
64x64 14.32 26.55 21.58 3.04 
Biweek 12 
Min Max Mean StDev 
9.19 36.67 26.15 8.49 
14.24 34.16 27.63 4.21 
14.68 34.00 27.51 4.25 
16.45 33.57 27.49 4.15 
20.82 32.68 27.69 3.53 
Month 6 
Min Max Mean StDev 
7.78 34.86 23.90 8.12 
12.13 31.14 25.37 3.70 
12.60 30.70 25.24 3.74 
14.73 30.70 25.20 3.64 
19.80 30.02 25.42 3.13 
Month 7 
Min Max Mean StDev 
3.58 33.07 17.44 8.62 
5.80 27.46 19.88 3.98 
6.11 26.89 19.86 3.99 
7.47 25.93 19.92 3.87 
11.42 25.45 20.25 3.00 
Month 8 
Min Max Mean StDev 
3.75 33.13 18.95 8.29 
8.19 29.74 21.23 4.88 
8.65 29.74 21.39 4.90 
8.65 29.49 21.77 4.80 
14.61 29.49 22.33 4.20 
Week 22 Biweek 13 Month 9 
Grid Min Max Mean StDev Min Max Mean StDev Min Max Mean StDev 
stations 7.36 34.36 21.15 7.17 5.41 34.41 21.08 8.40 4.33 31.05 16.30 7.56 
4x4 11.18 28.33 22.09 3.23 8.83 28.39 22.70 3.49 8.01 26.41 18.44 3.65 
16x16 11.57 27.32 21.94 3.27 9.29 27.59 22.58 3.53 8.59 26.09 18.48 3.60 
32x32 13.29 27.32 21.81 3.16 11.47 27.47 22.53 3.43 9.99 25.38 18.74 3.45 
64x64 17.31 25.13 21.81 2.68 16.09 27.06 22.89 2.98 14.62 23.50 19.12 2.76 
Values are expressed in volumetric water content (%). 
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Table 4.4: 100 cm Depth Spatial Interpolation Grid Statistics 
Week 18 Biweek 9 Month S 
Grid Min Max Mean StDev Min Max Mean StDev Min Max Mean StDev 
stations 7.43 38.54 25.08 8.96 7.81 39.09 25.81 8.87 7.50 38.59 24.38 8.66 
4x4 14.14 36.51 28.42 4.97 14.86 37.10 29.13 4.86 13.09 33.99 27.01 4.29 
16x16 14.62 36.30 28.42 4.96 15.33 36.88 29.13 4.86 13.81 33.60 26.93 4.30 
32x32 15.14 36.02 28.59 4.80 15.90 36.59 29.30 4.70 14.78 32.72 27.01 4.16 
64x64 20.67 34.55 28.87 4.18 21.46 35.25 29.57 4.10 20.40 32.24 27.14 3.44 
Week 19 
Min 
8.39 
14.17 
14.70 
15.01 
21.64 
Max 
39.51 
35.07 
34.92 
34.47 
33.71 
Mean 
24.84 
27.83 
27.78 
27.89 
28.06 
Biweek 10 
Min Max Mean StDev 
8.55 39.71 25.65 8.86 
14.91 35.37 28.55 4.40 
15.67 35.11 28.48 4.42 
16.04 34.32 28.56 4.30 
22.38 33.69 28.67 3.63 
Month 6 
Min Max Mean StDev 
8.22 36.74 24.77 8.67 
13.91 33.99 25.06 4.37 
14.37 33.85 24.94 4.40 
14.79 33.06 24.93 4.47 
17.57 32.95 25.00 4.32 
Week 20 
Min 
8.52 
15.27 
16.07 
17.07 
23.13 
Max 
39.92 
35.67 
35.31 
34.17 
33.67 
Mean 
26.47 
29.28 
29.18 
29.22 
29.29 
Biweek 11 
Min Max Mean StDev 
4.74 36.95 22.71 8.52 
11.31 31.80 24.27 4.01 
11.94 31.15 24.15 4.03 
13.02 30.13 24.18 3.96 
18.23 30.23 24.24 3.35 
Month 7 
Min Max Mean StDev 
3.68 36.15 18.06 8.78 
7.14 28.55 19.38 4.17 
7.59 26.82 19.30 4.13 
9.41 26.30 19.33 4.02 
13.44 25.79 19.48 3.38 
Week 21 
Min Max Mean 
5.61 37.80 23.19 
10.87 32.74 25.35 
11.59 32.08 25.24 
13.62 30.63 25.29 
18.33 30.76 25.38 
Biweek 12 
Min Max Mean StDev 
8.96 37.91 26.50 8.84 
14.95 35.90 26.50 4.49 
15.36 35.50 26.38 4.54 
16.05 34.93 26.34 4.67 
17.83 34.84 26.38 4.64 
Month 8 
Min Max Mean StDev 
3.30 35.51 18.52 8.55 
7.24 27.80 20.88 4.77 
7.58 27.26 20.96 4.72 
7.58 27.24 21.18 4.55 
13.49 26.75 21.17 3.97 
Week 22 Biweek 13 
Grid Min Max Mean StDev Min Max Mean StDev 
stations 3.87 36.30 22.23 8.32 6.51 36.43 22.96 8.89 
4x4 10.98 31.21 23.18 3.95 11.97 32.29 23.56 4.42 
16x16 11.45 30.34 23.06 3.97 12.67 32.23 23.44 4.42 
32x32 12.42 29.66 23.07 3.95 13.73 31.23 23.46 4.41 
64x64 17.63 29.69 23.11 3.48 16.92 31.00 23.57 4.15 
Values are expressed in volumetric water content (%). 
Month 9 
Min Max Mean StDev 
3.90 35.37 17.80 8.41 
9.63 30.10 20.61 4.62 
9.64 29.61 20.65 4.58 
9.77 29.01 20.90 4.42 
14.97 27.60 20.98 3.98 
37 
Table 4.4: 100 cm Depth Spatial Interpolation Grid Statistics 
Week 18 Biweek 9 Month 5 
Grid Min Max Mean StDev Min Max Mean StDev Min Max Mean StDev 
stations 7.30 43.92 25.15 10.56 7.71 44.34 25.52 10.54 6.90 41.51 25.22 10.05 
4x4 13.59 38.09 28.38 5.30 14.04 38.43 28.75 5.25 13.18 36.97 28.17 4.72 
16x16 13.91 37.06 28.41 5.26 14.36 37.40 28.77 5.22 14.12 35.96 28.17 4.70 
32x32 14.78 36.16 28.66 5.08 15.21 36.42 29.02 5.04 15.43 35.29 28.40 4.49 
64x64 18.48 35.91 29.13 4.60 18.87 36.20 29.46 4.57 21.42 35.29 28.90 3.87 
Week 19 
Min 
7.17 
13.50 
14.29 
15.17 
20.14 
Max 
43.38 
38.08 
37.02 
36.15 
36.15 
Mean 
25.27 
28.51 
28.52 
28.78 
29.29 
Biweek 10 
Min Max Mean StDev 
7.47 42.82 25.82 10.24 
13.72 38.01 29.00 4.85 
14.66 36.92 29.00 4.83 
16.04 36.26 29.24 4.63 
22.00 36.26 29.76 3.98 
Month 6 
Min Max Mean StDev 
5.19 42.10 25.79 9.07 
11.62 36.92 26.57 4.49 
11.97 36.43 26.59 4.45 
13.22 35.95 26.82 4.37 
18.71 34.14 27.37 3.96 
Week 20 
Min 
7.77 
13.94 
14.86 
16.91 
21.95 
Max 
42.25 
37.94 
37.10 
36.37 
36.37 
Mean 
26.37 
29.49 
29.48 
29.69 
30.23 
Biweek 11 
Min Max Mean StDev 
5.71 41.61 24.46 9.68 
12.07 35.38 26.83 4.31 
12.99 34.66 26.81 4.30 
14.87 34.07 27.00 4.11 
19.87 33.48 27.49 3.54 
Month 7 
Min Max Mean StDev 
2.90 42.06 20.56 10.15 
7.95 33.32 22.71 4.86 
8.59 31.90 22.75 4.84 
10.04 31.57 23.05 4.72 
14.86 30.45 23.80 4.14 
Week 21 
Min 
6.54 
12.77 
13.68 
15.21 
20.58 
Max 
41.58 
35.63 
34.97 
34.39 
34.24 
Mean 
24.92 
27.64 
27.63 
27.84 
28.36 
Biweek 12 
Min Max Mean StDev 
5.51 42.16 27.11 9.14 
12.21 37.88 27.45 4.40 
12.51 37.30 27.46 4.34 
13.91 37.06 27.64 4.31 
19.54 35.00 28.13 3.95 
Month 8 
Min Max Mean StDev 
3.36 41.75 19.56 10.43 
8.01 35.64 23.15 5.89 
8.53 35.23 23.28 5.90 
8.64 34.28 23.65 5.85 
14.47 33.96 24.20 5.48 
Week 22 Biweek 13 
Grid Min Max Mean StDev Min Max Mean StDev 
stations 4.88 41.65 24.00 9.57 4.58 42.05 24.60 9.46 
4x4 11.36 35.13 26.02 4.20 10.73 36.13 25.64 4.83 
16x16 12.30 34.36 25.99 4.19 11.16 35.82 25.69 4.79 
32x32 14.53 33.75 26.15 4.04 12.16 35.09 25.99 4.66 
64x64 19.16 32.71 26.63 3.59 17.48 33.44 26.63 4.17 
Values are expressed in volumetric water content (%). 
Month 9 
Min Max Mean StDev 
4.63 41.51 19.25 10.59 
8.87 35.86 23.12 5.75 
9.19 35.36 23.24 5.75 
8.19 34.46 23.62 5.67 
15.21 33.97 24.15 5.28 
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Table 4.4: 100 cm Depth Spatial Interpolation Grid Statistics 
Week 18 
Grid Min Max Mean StDev 
stations 6.91 40.38 23.84 9.89 
4x4 12.73 36.73 26.15 5.15 
16x16 13.19 36.28 26.14 5.23 
32x32 15.56 35.63 26.29 5.16 
64x64 18.05 34.88 26.32 5.00 
Week 19 
Grid Min Max Mean StDev 
stations 6.66 40.34 24.08 10.00 
4x4 12.93 36.67 26.38 5.12 
16x16 13.44 36.22 26.36 5.20 
32x32 15.96 35.56 26.51 5.12 
64x64 18.03 34.82 26.56 4.92 
Week 20 
Grid Min Max Mean StDev 
stations 6.57 40.67 24.82 10.17 
4x4 13.74 36.77 27.15 4.97 
16x16 14.30 36.28 27.10 5.06 
32x32 16.88 35.71 27.24 4.97 
64x64 18.76 34.85 27.35 4.75 
Week 21 
Grid Min Max Mean StDev 
stations 6.73 40.96 24.76 10.10 
4x4 13.83 36.78 27.04 4.91 
16x16 14.40 36.31 27.01 5.00 
32x32 16.97 35.67 27.17 4.89 
64x64 19.16 34.90 27.31 4.57 
Week 22 
Grid Min Max Mean StDev 
stations 6.76 41.09 24.78 9.87 
4x4 14.53 36.76 26.92 4.84 
16x16 14.84 36.26 26.88 4.93 
32x32 17.38 35.60 27.05 4.84 
64x64 19.05 34.87 27.20 4.51 
Biweek 9 
Min Max Mean StDev 
7.27 40.51 23.97 9.89 
12.98 37.00 26.29 5.18 
13.41 36.53 26.27 5.27 
15.70 35.90 26.41 5.21 
18.10 35.11 26.42 5.09 
Biweek 10 
Min Max Mean StDev 
6.61 40.66 24.45 10.06 
13.36 36.72 26.77 5.04 
13.88 36.25 26.73 5.12 
16.42 35.63 26.88 5.03 
18.39 34.83 26.96 4.81 
Biweek 11 
Min Max Mean StDev 
6.81 41.02 24.77 9.98 
14.21 36.77 26.98 4.88 
14.64 36.30 26.94 4.97 
17.18 35.64 27.11 4.86 
19.10 34.88 27.25 4.54 
Biweek 12 
Min Max Mean StDev 
7.31 41.66 26.78 9.27 
16.01 36.84 27.80 4.42 
16.96 36.30 27.77 4.48 
17.65 35.72 27.91 4.46 
20.85 34.89 28.03 4.12 
Biweek 13 
Min Max Mean StDev 
7.42 41.14 26.29 9.47 
15.12 36.85 27.14 4.90 
15.63 36.30 27.16 4.93 
15.70 35.67 27.43 4.84 
20.96 34.91 27.65 4.38 
Month 5 
Min Max Mean StDev 
6.87 40.70 24.43 10.00 
13.49 36.74 26.73 5.00 
14.01 36.27 26.70 5.08 
16.49 35.64 26.85 4.99 
18.59 34.86 26.94 4.74 
Month 6 
Min Max Mean StDev 
7.33 41.41 26.38 9.29 
15.89 36.84 27.42 4.60 
16.43 36.30 27.42 4.66 
16.84 35.69 27.61 4.61 
20.83 34.89 27.78 4.23 
Month 7 
Min Max Mean StDev 
4.04 40.96 24.49 10.01 
12.73 36.56 25.84 5.01 
13.69 35.95 25.87 5.03 
14.18 35.02 26.17 4.92 
19.68 34.49 26.53 4.41 
Month 8 
Min Max Mean StDev 
2.26 40.65 21.74 10.56 
9.71 37.20 23.54 5.73 
10.08 36.58 23.66 5.75 
10.36 35.37 24.05 5.69 
12.89 35.09 24.37 5.49 
Month 9 
Min Max Mean StDev 
2.36 40.29 21.05 10.37 
9.19 36.90 23.09 5.78 
9.55 36.34 23.22 5.80 
9.89 35.12 23.63 5.75 
12.40 34.96 23.89 5.58 
Values are expressed in volumetric water content (%). 
With an increase in grid size, the minimum value of the grid cells always 
increases and the maximum value always decreases (Table 4.5). The mean value of the 
grid cells generally increases, but occasionally decreases when increasing the grid size 
from 4x4 to 16x16 kilometers, with the mean sometimes decreasing further when 
increasing the grid size to 32x32 kilometers. The standard deviation generally decreases 
with an increase in grid size, but it occasionally increases when the grid size is increased 
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from 4x4 to 16x16 kilometers. These statistics show that the interpolations of SM data 
are excluding the smallest and largest values as the grid size increases. This in turn 
affects the mean to a small degree, as it is still averaging the cell values together. These 
statistics have shown considerable agreement in how the values for the minimum, 
maximum, mean, and standard deviation change as the grid size increases. 
Table 4.5: Change in Statistics with Increases in Spatial Interpolation Resolution 
10 cm 
Minimum 
Increase (%) 
Maximum 
Decrease (%) 
Mean 
Increase (%) 
Std Dev 
Decrease (%) 
weekly 100 100 81 85 
biweekly 100 100 82 86 
monthly 100 100 83 83 
25 cm 
Minimum 
Increase (%) 
Maximum 
Decrease (%) 
Mean 
Increase (%) 
Std Dev 
Decrease (%) 
weekly 100 98 75 91 
biweekly 100 98 79 93 
monthly 100 100 79 88 
50 cm 
Minimum 
Increase (%) 
Maximum 
Decrease (%) 
Mean 
Increase (%) 
Std Dev 
Decrease (%) 
weekly 100 100 97 94 
biweekly 100 98 98 96 
monthly 100 100 100 96 
100 cm 
Minimum 
Increase (%) 
Maximum 
Decrease (%) 
Mean 
Increase (%) 
Std Dev 
Decrease (%) 
weekly 100 100 94 80 
biweekly 100 100 93 82 
monthly 100 100 100 79 
Statistics are based on interpolated surfaces, not individual grid cells. For example, as 
the spatial resolution increased from 4x4 km to 16x16 km, the minimum cell value of 
the interpolated surface always increased. This statistic increased with every increase 
in resolution at every depth on every time scale, thus the change in the minimum value 
increased 100% of the time in this analysis. 
40 
4.2 Temporal Analysis 
Investigation of the seasonal variation of SM with the use of boxplots has been 
beneficial in observing which stations have consistently drier or wetter soil (Figure 4.3). 
This analysis was completed for the 10 cm depth in particular because of its near-surface 
attributes that interact with the boundary layer, where seasonal variations are quite 
significant. When observing the highest SM values by season, it was found that all of the 
stations with silty soils, Concord, Indian Cave State Park, McCook, Mead, and West 
Point, reached peak SM content during the summer months, with the highest volumetric 
SM values ranging from 32.0 to 38.6 percent (Figure 4.3b). Stations with sandy soils, 
Alliance West, Elgin, Gudmundsens, Mitchell Farms, O'Neill, and Ord, reached their SM 
peak during either the spring or fall months; the highest values at these stations ranged 
from 19.7 to 24.0 percent (Figures 4.3a and 4.3c). No stations have clay-based soils at 
the 10 cm depth. With increases in evapotranspiration and precipitation in the summer, 
sandy soils do not retain water as well as silty soils, and they either release the moisture 
to the atmosphere or lose the water to deeper soil layers through infiltration. 
These boxplots also show which seasons experienced the greatest and least 
amounts of SM variation. The amount of variation per season was determined by finding 
the interquartile range at each station. The seasons that exhibited the greatest SM 
variation are the summer and fall months, with the greatest variations ranging from 5.0 to 
11.2 percent during these seasons (Figures 4.3b and 4.3c). General conclusions could not 
be made on the difference between sandy and silty soils in this regard, as both soils 
experienced great variation during both seasons. Conversely, the seasons with the least 
amount of SM variation are spring and winter, with the decreased variations ranging from 
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1.4 to 7.6 percent (Figures 4.3a and 4.3d). General conclusions based on the soil's 
physical properties can be observed in this case. Silty soils generally exhibit the least 
amount of variation during the spring, and sandy soils exhibit the least variation during 
the fall months. To look more closely at the variations of SM during the warm season, 
boxplots for May through September SM data were also created (Figure 4.4). As 
expected, they are largely similar to the summer boxplots, due to the inclusion of all the 
summer months in the warm season. 
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Figure 4.3: Seasonal Boxplots, Daily Soil Moisture 1998-2004 
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Figure 4.4: Warm Season (May - September) Boxplots, Daily Soil Moisture 1998-2004 
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Variogram clouds were also developed to show seasonal variations in SM. In this 
analysis, SM data from January and June for the period of 1998 through 2004 were 
averaged to create an average SM value for both months at each of the eleven stations 
(Figure 4.5). These variogram clouds plot the square root of SM differences against the 
spatial distances between a pair of stations. Generally, it is expected that larger spatial 
distances will result in larger differences in the SM values. The variogram clouds for 
both January and June show large variations, with the wet season month of June 
exhibiting more variation than the dry season month of January. The June SM 
differences increase more rapidly to 100 kilometers than the January data points. This is 
indicative of a stronger spatial variation and dispersion of SM in June at shorter 
distances. 
0 100 200 300 400 500 600 700 800 
I 1 Km 
• January • June 
Figure 4.5: Variogram Clouds: Square Root of Soil Moisture Differences vs. Spatial Distances, 
1998-2004 Average 
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4.3 Cross-Correlations 
Cross-correlation is a function used to assess relationships of time-lag for either a 
single variable or multiple variables. The same eleven stations evaluated in the temporal 
analysis were also examined here with the cross-correlation function. The results from 
three stations in particular will be highlighted because of the completeness of their 
datasets and their locations within the east-west moisture gradient. 
4.3.1 Cross-Correlations of Soil Moisture Depths 
In the first cross-correlation analysis, the cross-correlations between 10 cm SM 
and the deeper SM observation layers of 25, 50, and 100 cm are calculated and analyzed. 
Table 4.6 shows the cross-correlation values for the day zero lag, which shows the 
relationship between near-surface SM and the deeper layers on the same day, or day zero. 
The soil's physical properties again greatly influenced the results of the analysis. The 
SM cross-correlations for the zero day lag of the 10:25 cm analysis ranged from 0.6 to 
0.82 at Mitchell Farms, where the soil is sandy at all four depths. The moisture in sandy 
soils infiltrates quickly to the deeper layers compared to layers with silt and clay soils. 
At West Point, the 10:25 cm zero day lag ranges from 0.61 to 0.89, while zero day lag 
cross-correlations at Ord ranged from 0.52 to 0.96. Clay soils have a higher water-
holding capacity, thus cross-correlations between layers that include a layer of clay soil 
are expected to be higher. This is especially evident when comparing the 10:50 cm depth 
cross-correlations of Mitchell Farms and West Point. The cross-correlations at West 
Point are much higher with the 50 cm depth having clay soil, compared to the lower 
cross-correlations at Mitchell Farms that do not reach 0.5 with the sandy soil at the same 
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depth. Stations with sandy soils generally have lower cross-correlation values, while the 
silt and clay soils exhibit more water retention and have a slower infiltration rate, causing 
the cross-correlation between depths to be higher. Cross-correlation values also decrease 
in general because of the vertical separation between layers. 
Table 4.6: Zero Day Lag Cross-Correlations 
Mitchell Farms Ord 
10:25 10:50 10:100 10:25 10:50 10:100 
sand:sand sand:sand sand:sand silt:sand silt:sand silt:sand 
1999 0.74 0 .3 -0 .27 1999 0 .96 0 .84 0 .72 
2000 0 .63 -0.01 -0 .07 2000 0 .52 -0 .03 -0 .24 
2001 0.82 0 .44 0 .29 2001 0 .86 0 .6 0 .52 
2002 0.7 0 .36 0 .45 2002 0 .9 0 .38 0 .14 
2003 0.62 0 .33 0 .47 2003 0 . 9 3 0 .77 0.21 
2004 0.6 0 .27 0 .59 2004 0 .9 0 . 4 3 -0 .27 
West Point 
10:25 10:50 10:100 
silt:silt silt:clay silt:clay 
1999 0 .85 0 .73 0 . 4 3 
2000 0 .89 0 .62 0 .64 
2001 0 .86 0 .58 -0 .26 
2002 0 .88 0 .82 0 .78 
2003 0 .66 0 .74 0 .7 
2004 0.61 0 . 5 3 0.41 
Warm season cross-correlations by soil depth were also calculated and the 
strongest cross-correlation values were recorded based on a range of days (Appendix B). 
The ranges include 0-10 days, 11-30 days, 31-60 days, 61-90 days, and 91-120 days; the 
range of days stops at 120 because of the small number of SM values left to correlate. 
The purpose is to show the varying degree of cross-correlation within the warm season, 
as there are increased land-surface-atmosphere interactions during this period. The most 
prominent observation made is that the strongest cross-correlation values generally occur 
at a 0-10 day lag for the 10:25 cm depth comparison. The results presented here are from 
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the three stations chosen for their locations within the east-west moisture gradient; years 
chosen for these figures are at random (Figures 4.6 - 4.8). The strongest 10:25 cm cross-
correlations at the 0-10 days lag varied from 0.77 to 0.87 at Mitchell Farms, 0.69 to 0.96 
for Ord, and 0.66 to 0.92 for West Point. Similar results were observed at the other eight 
stations analyzed (Appendix B). For example, the strongest cross-correlations at the 0-10 
days lag range for the 10:25 cm analysis ranged from 0.72 to 0.94 at Elgin, 0.62 to 0.96 at 
McCook, and 0.82 to 0.99 at Mead. 
The 10:50 cm and 10:100 cm depth cross-correlations were greatly impacted by 
the soil's physical properties. The strongest 10:50 cm and 10:100 cm cross-correlations 
at Mitchell Farms, where all four soil layers are sand, are observed at an increased lag, 
between 60 and 120 days. For the 10:50 cm analysis, the strongest cross-correlation 
values ranged from 0.93 to -0.85; the strongest cross-correlation values for the 10:100 cm 
analysis ranged from 0.95 to -0.84. The strongest 10:50 cm and 10:100 cm cross-
correlations at West Point, where the soils are silt at 10 and 25 cm and clay at 50 and 100 
cm, varied significantly and occurred anywhere between a 0 and 120 day lag. The 
corresponding strongest cross-correlation values ranged from 0.94 to -0.76 for the 10:50 
cm analysis and from 0.93 to -0.8 for the 10:100 cm analysis. Similar results were found 
at Ord, with the strongest cross-correlation values occurring anywhere between a 10 and 
120 day lag. The corresponding strongest cross-correlation values ranged from 0.9 to 
-0.67 for the 10:50 cm analysis and from 0.83 to -0.81 for the 10:100 cm analysis. At this 
station the soil is silt at 10 cm and sand at the deeper layers. Ord receives more 
precipitation annually than Mitchell Farms, so even with the presence of sandy soils at 
the deeper layers of this station, the cross-correlation values between soil depths are 
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found to be indicative of a stronger relationship. Cross-correlations for the 10:50 cm and 
10:100 cm SM data at the other stations also proved to have comparable results. For the 
10:50 cm analysis, the strongest cross-correlations ranged from 0.93 to -0.95 occurring at 
a 1 to 120 day lag at Concord, 0.91 to -0.85 occurring at a 0 to 120 day lag at McCook, 
and 0.68 to 0.94 occurring at a 0 to 105 day lag at Mead. 
Similar studies in the Northern Great Plains have been completed by Mahmood 
and Hubbard (2007), who investigated long-term SM cross-correlations by depth under 
different land surfaces. Their work was completed with the use of modeled SM because 
the data used in this research were not available at that time. The results presented here 
are largely similar to that of Mahmood and Hubbard (2007), and hence provides more 
confidence in this research. 
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Figure 4.6: Cross-Correlations by Soil Moisture Depth at Mitchell Farms 
50 
Ord - 2001 
Lag (Days) 
10:25 10:50 —'10 :100 
Ord - 2003 
Lag (Days) 
10:25 — 1 0 : 5 0 — 1 0 : 1 0 0 
Figure 4.7: Cross-Correlations by Soil Moisture Depth at Ord 
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Figure 4.8: Cross-Correlations by Soil Moisture Depth at West Point 
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4.3.2 Cross-Correlations of Precipitation and Soil Moisture 
To examine the impacts of temporal variation of precipitation on SM, a second 
cross-correlation analysis assessed at the relationship between precipitation and the 
resulting changes in SM at each of the four depths. Observations from this analysis 
reflect how the different soil depths react to a precipitation event and how the cross-
correlation values change throughout the warm season. As expected, the 10 cm soil 
depth experienced the first peak in cross-correlation values following the first significant 
precipitation event, with each successive observation depth experiencing a peak with a 
slighter lower cross-correlation value at a slighter longer lag, as moisture infiltrates to the 
deeper soil depths. This was observed more frequently with the cross-correlations 
between precipitation and the 10 and 25 cm depths, as layers closer to the surface are 
more likely to exhibit immediate variations of SM because of precipitation. 
The strongest cross-correlations between precipitation and the 10 cm SM depth 
occur at a 1 to 3 day lag, with most of these strongest values occurring at the 1 day lag. 
For example, the peak cross-correlation values for the P:10 cm analysis at Mitchell Farms 
ranged from 0.23 to 0.42, from 0.27 to 0.38 at Ord, and from 0.08 to 0.43 at West Point 
(Figures 4.9 - 4.11). Peak cross-correlation values for the other eight stations also 
occurred at 1 to 3 day lags. For example, the peak values ranged from 0.29 to 0.5 at 
Alliance West, 0.08 to 0.3 at Concord, 0.14 to 0.45 at Elgin, 0.28 to 0.36 at Indian Cave 
State Park, and 0.36 to 0.45 at O'Neill. 
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The cross-correlation analysis for precipitation and the 25 cm depth SM exhibited 
similar results to the P:10 cm analysis, but with smaller peak cross-correlation values and 
a larger lag time. The strongest cross-correlation values for the P:25 cm analysis 
generally peaked at a 1 to 10 day lag, with the highest values at Mitchell Farms ranging 
from 0.16 to 0.32, 0.22 to 0.35 at Ord, and 0.19 to 0.37 at West Point. Analysis of the 
additional eight stations shows comparable results, with the peak values occurring at a 0 
to 9 day lag. For example, these peak values ranged from 0.12 to 0.39 at Alliance West, 
0.08 to 0.26 at Concord, 0.33 to 0.51 at Gudmunsens, 0.15 to 0.27 at McCook, and 0.24 
to 0.3 at Mead. 
Cross-correlations between precipitation and the 50 and 100 cm SM depths 
proved to be generally inconclusive for all stations. The soils at 10 and 25 cm are 
integrating short-term variations of precipitation, which is evidence of near-surface 
coupling. This analysis captures the seasonal cycle of precipitation and SM variations 
and also validating the conceptual understanding of land-surface-atmosphere interactions. 
4.3.3 Cross-Correlations of Soil Moisture and Maximum Temperature 
The final cross-correlation analysis looked at the time-lag relationship between 
near-surface SM, at the 10 and 25 cm depths, and maximum temperature. Previous 
research (e.g. Dirmeyer 2000) has demonstrated that the relationship between SM and 
maximum temperature is much more pronounced than the relationship between SM and 
precipitation. This research has exhibited similar results. Peak cross-correlation values 
at all eleven stations for both the 10 cm:Tmax and 25 cm:Tmax analyses approached or 
exceeded ±0.5, which is significantly greater than cross-correlation values observed with 
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the precipitation and SM cross-correlations. General conclusions could not be made on 
the differences in cross-correlations between the 10 and 25 cm depths and the maximum 
temperature, as both cross-correlations varied considerably throughout the warm season 
and there was not a visible pattern that either depth followed (Figures 4.12 - 4.14). It is 
suggested where cross-correlation values approached or exceeded ±0.5, the maximum 
temperature is a result of forcing by SM. On the other hand, where the cross-correlation 
values are much lower, the maximum temperature is influenced by several environmental 
parameters including SM. 
These results are similar to those of Georgakakos et al. (1995), who investigated 
the hydroclimatology of two catchment basins and used cross-correlations to observe the 
relationship between SM, temperature, and precipitation. The use of cross-correlations in 
analyzing the time-lag relationships between near-surface SM and the deeper layers, 
precipitation and SM at the four observation depths, and near-surface SM and maximum 
temperature have proven to be significantly beneficial and results are comparable to 
previous studies. 
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5. Conclusions 
Soil moisture has proven itself to be of significant importance in several 
disciplines, even if the quantity is not measured in many areas of the world. Several 
studies have investigated the effects of SM on many aspects of weather and climate 
prediction, including regional precipitation and surface air temperatures. It was found 
that low SM in GCM simulations led to a significant increase in global temperatures and 
a decrease in global precipitation (Shukla and Mintz 1982). Regional temperature and 
precipitation fluxes are influenced by variations in evapotranspiration, which depends on 
the variation of SM. Soil moisture has a direct relationship with evapotranspiration and 
precipitation, but an inverse relationship with surface air temperatures; as SM increases, 
evapotranspiration and precipitation increase and temperature decreases. An additional 
impact of SM on climate is the partitioning of outgoing radiation into latent and sensible 
energy. Greater SM values lead to an increase of latent heat and precipitation, but a 
decrease in sensible heat and surface temperatures. 
Spatial interpolations were beneficial in extending the SM observations as point 
data to covering an areal surface in the central and southeast portions of Nebraska. The 
interpolations created from the data at the four observation depths and aggregated to time 
scales of weekly, biweekly, and monthly datasets demonstrate how SM varies by depth 
and throughout the warm season of May through October. Soil moisture peaked during 
the month of June, coinciding with the wet season and the month that receives the 
greatest amount of precipitation in this region. 
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A temporal analysis completed for eleven stations with the longest period of 
record demonstrated how SM variations are dependent upon soil physical properties and 
season. Stations with sandy soils were consistently drier throughout the year, and water 
was retained for longer periods at stations with silty and clay soils. The topmost layer of 
the soil also experienced the greatest amount of variation due to its interactions with the 
surface boundary layer. 
Three cross-correlation analyses also demonstrated the importance of soil 
physical properties on SM variations and the time-lag relationship between SM, 
precipitation, and temperature. This research demonstrated that the effect of SM 
variations on maximum surface temperature had much stronger cross-correlations than 
that of precipitation on SM. Near-surface SM again exhibited the most variation 
compared to the deeper observation layers. The effect of precipitation on SM influenced 
the 10 and 25 cm SM depths significantly more than the 50 and 100 cm depths, as peak 
correlations at the upper soil layers were observed at the beginning of the warm season. 
While this research is specific to the state of Nebraska, general conclusions can be 
made about the variations of SM and their effects in the Northern Great Plains region. 
Past studies have demonstrated that as SM values increase throughout the region, because 
of either precipitation or irrigation, evapotranspiration rates will increase, leading to a 
regional increase in precipitation and limiting the extent to which daily maximum 
temperatures rise. These variations will be most pronounced during the warm season as 
interactions between the surface and boundary layer are relatively active; previous studies 
have shown the negligible impact of SM variations on surface temperatures overnight and 
during the winter (Delworth and Manabe 1988; Mahmood et al. 2004). The partitioning 
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of outgoing energy is also affected by the variations in SM observations; it can be 
expected that the Great Plains region will experience enhanced rainfall and a decrease in 
surface temperatures because of the increase in latent heat and decrease in sensible heat 
that occurs with higher SM observations. This research has shown the extent to which 
SM varies on spatial and temporal scales, and a continuation of data collection at these 
stations will yield a longer period of record and hence, a better understanding of SM 
variations in the Great Plains region of the United States. 
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Appendix B: Warm Season Cross-Correlations of Soil Moisture Depths 
B.l: Mitchell Farms 
sand:sand sand:sand sand:sand 
1999 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.79 (2) 0.72 (10) -0.50 (10) 
11-30 0.34 (11) 0.75(12) -0.65(21) 
31-60 -0.42 (60) -0.47 (60) -0.32(31) 
61-90 -0.47 (69) -0.52 (78) 0.54 (78) 
91-120 -0.68 (102) -0.85 (109) 0 .95(116) 
2000 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.87 (4) 0.51 (10) -0.07 (0) 
11-30 -0.37 (30) 0.58 (14) -0 .07(11) 
31-60 -0.45 (39) -0.38 (60) -0.70 (60) 
61-90 0.78 (76) 0.62 (90) -0.72 (62) 
91-120 -0.45 (108) 0.73 (107) 0.70 (93) 
2001 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.82 (0) 0.44 (0) 0.29 (0) 
11-30 -0.27 (22) -0.16 (24) -0.16 (20) 
31-60 -0.31 (51) -0.30 (51) -0.27 (51) 
61-90 0.68 (73) 0.79 (83) 0.71 (83) 
91-120 -0.67 (120) 0.93 (118) 0.90 (118) 
2002 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.80 (2) 0.41 (10) 0.45 (2) 
11-30 0.45(11) 0 .42(13) 0.42 (11) 
31-60 0.30 (41) -0.60 (45) -0.48 (48) 
61-90 -0.51 (86) -0.68 (85) -0.84 (81) 
91-120 0.65 (120) -0.48 (91) -0.49 (91) 
2003 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.78 (3) 0.34 (10) 0.47 (0) 
11-30 0.53(11) 0.60 (30) 0.57 (30) 
31-60 -0.10(44) 0.63 (32) 0.64 (33) 
61-90 0.57 (90) -0.59 (73) -0.64 (86) 
91-120 0.62 (99) 0.75 (108) 0.57 (1201 
2004 Range(days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.77 (5) 0.27 (0) 0.59 (0) 
11-30 0.64(11) 0.21 (11) 0.53(11) 
31-60 0.92 (48) -0.72 (60) 0.43 (31) 
61-90 0.72 (71) -0.71 (61) -0.59 (69) 
91-120 -0.58 (120) 0.57 (99) 0.62 (100) 
75 
B.2: Ord 
silt:sand silt:sand silt:sand 
1999 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.96 (0) 0.90 (10) 0.73 (6) 
11-30 0.86(11) 0.90 (14) 0.79 (30) 
31-60 0.60 (31) 0.78 (31) 0.83 (42) 
61-90 -0.56 (88) -0.46 (90) 0.69 (61) 
91-120 -0.42 (91) -0.46 (91) -0.47 (91) 
2000 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.69 (7) 0.22 (10) -0.24 (0) 
11-30 0.46 (30) 0.56 (30) 0.25 (26) 
31-60 0.58 (33) 0.75 (45) 0.11 (47) 
61-90 0.54 (78) 0.50 (61) -0.12 (77) 
91-120 -0.54 (120) 0.58(110) 0.29 (96) 
2001 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.86 (0) 0.64 (8) 0.52 (0) 
11-30 0.46 (11) 0 .62(11) 0.39 (30) 
31-60 0.44 (38) 0.39 (37) 0.46 (35) 
61-90 -0.62 (90) -0.67 (90) -0.70 (90) 
91-120 -0.68 (115) -0.67 (91) -0.70 (91) 
2002 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.90 (0) 0.38 (1) 0.22 (3) 
11-30 0.27(11) 0.36 (11) -0.16 (28) 
31-60 -0.45 (44) 0.67 (56) 0.38 (60) 
61-90 0.25 (75) 0.78 (87) 0.43 (68) 
91-120 0.42 (108) 0.69 (91) 0.36 (94) 
2003 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.93 (0) 0.77 (0) 0.05 (2) 
11-30 0.40 (30) 0 .48(11) 0.11 (30) 
31-60 0.53 (60) 0.66 (60) 0.65 (53) 
61-90 0.57 (63) 0.67 (61) 0.63 (61) 
91-120 0.58 (95) 0.81 (120) 0.78 (115) 
2004 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.91 (0) 0.67 (8) -0.27 (0) 
11-30 0.59(11) 0.59(11) 0.74 (30) 
31-60 -0.74 (49) -0.37 (51) 0.79 (33) 
61-90 0.60 (90) -0.29 (69) -0.81 (85) 
91-120 0.77(115) 0.69 (99) -0.69 (91) 
B.3: West Point 
77 
silt:silt silt:clay silt:clay 
1999 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.85 (1) 0 .74(1) 0.44 (1) 
11-30 0.82 (11) 0.74(11) 0.44 (17) 
31-60 0.90 (56) 0.94 (57) 0.86 (56) 
61-90 0.85 (61) 0.93 (61) 0.83 (61) 
91-120 -0.46 (98) -0.49 (102) -0.47(101) 
2000 Range(days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.92(1) 0.75 (10) 0.66 (4) 
11-30 0.69(11) 0.76 (12) 0.64 (11) 
31-60 -0.52 (60) -0.53 (60) -0.46 (60) 
61-90 -0.62 (90) -0.76 (73) -0.80 (78) 
91-120 -0.64 (92) -0.60 (93) -0.60 (91) 
2001 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.86 (0) 0.63 (2) -0.26 (0) 
11-30 0.27(11) 0.49 (11) -0.15(30) 
31-60 -0.27 (49) 0.39 (32) -0.18(35) 
61-90 0.61 (76) -0.42 (90) 0.68 (90) 
91-120 -0.56 (95) -0.58 (93) 0.70 (91) 
2002 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.88 (0) 0 .82(1) 0.81 (10) 
11-30 0.75(11) 0 .78(11) 0.81 (11) 
31-60 0.69 (57) 0 .64(31) 0.79 (60) 
61-90 0.64 (68) 0.63 (62) 0.80 (68) 
91-120 0.86 (118) 0 .85(120) 0 .89(119) 
2003 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.66 (0) 0.74 (0) 0 .92(10) 
11-30 0.49(11) 0.61 (11) 0.93 (19) 
31-60 -0.34 (60) 0.32 (31) 0.90 (31) 
61-90 -0.55 (79) -0.51 (77) 0.72 (61) 
91-120 -0.58(106) -0.59 (106) 0.73 (117) 
2004 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.73 (9) 0.70 (9) 0.66 (10) 
11-30 0.70(11) 0 .69(11) 0.66 (11) 
31-60 -0.33 (46) 0.32 (31) 0.41 (60) 
61-90 0.69 (84) 0.71 (84) 0.63 (84) 
91-120 0.42 (91) -0.75 (120) -0.72 (116) 
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B.4: Alliance West 
sand:sand sand:sand sand:sand 
1999 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.89 (0) 0.49 (2) 0 .52(10) 
11-30 -0.32 (23) 0.40(11) 0.64 (15) 
31-60 0.36 (47) 0.45 (49) 0.41 (57) 
61-90 -0.45 (69) -0.48 (87) -0.42 (85) 
91-120 -0.49 (106) -0.74 (114) -0.90 (120) 
2000 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.86 (0) 0.75 (10) 0 .73(10) 
11-30 0.61 (11) 0.77(14) 0 .76(15) 
31-60 -0.47 (44) 0.65 (31) 0.62 (31) 
61-90 0.69 (77) 0.70 (85) 0.75 (90) 
91-120 -0.55 (120) 0.82 (100) 0.86 (95) 
2001 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 N/A N/A N/A 
11-30 N/A N/A N/A 
31-60 N/A N/A N/A 
61-90 N/A N/A N/A 
91-120 N/A N/A N/A 
2002 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 N/A N/A N/A 
11-30 N/A N/A N/A 
31-60 N/A N/A N/A 
61-90 N/A N/A N/A 
91-120 N/A N/A N/A 
2003 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.49 (7) 0.40 (0) 0.35 (10) 
11-30 0.62 (22) 0 .30(12) 0.67 (22) 
31-60 0.71 (53) 0.66 (50) 0.60 (56) 
61-90 0.56 (71) 0.70 (74) 0.59 (63) 
91-120 0.90 (116) 0 .94(118) 0.96 (109) 
2004 Range (days) 10: 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.69 (4) 0.46 (7) -0.25 (0) 
11-30 0.64 (11) 0.41 (11) 0.13 (21) 
31-60 -0.68 (60) -0.66 (60) 0.54 (47) 
61-90 -0.68 (61) -0.73 (64) -0.48 (82) 
91-120 0.68 (120) 0 .76(120) 0.38 (104) 
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B.5: Concord (NE) 
silt:silt silt:clay silt:clay 
1999 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.88 (0) 0.82 (10) 0.89 (0) 
11-30 0.80(11) 0.82(11) 0.83 (11) 
31-60 0.63 (60) 0.48 (31) 0.50 (47) 
61-90 0.62 (61) -0.38 (86) -0.45 (86) 
91-120 -0.49 (100) 0 .65(120) 0 .67(120) 
2000 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.74 (0) 0.93 (1) N/A 
11-30 0.60 (12) 0.62 (11) N/A 
31-60 0.48 (33) 0.48 (38) N/A 
61-90 -0.51 (82) -0.61 (90) N/A 
91-120 -0.58 (95) -0.86 (113) N/A 
2001 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.24 (0) 0.49 (1) N/A 
11-30 0.28 (30) 0.41 (11) N/A 
31-60 0.73 (60) 0.62 (60) N/A 
61-90 0.72 (61) 0.65 (66) N/A 
91-120 -0.82 (120) -0.95 (108) N/A 
2002 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.98 (1) 0.53 (10) N/A 
11-30 0.62 (11) 0.66 (13) N/A 
31-60 -0.50(41) 0.38 (31) N/A 
61-90 0.42 (90) -0.60 (90) N/A 
91-120 0.94 (106) 0.86 (120) N/A 
2003 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.95(1) 0.36 (0) -0 .55(10) 
11-30 0.45(11) -0.18(24) -0 .58(16) 
31-60 -0.23 (49) -0.29 (56) -0.44 (31) 
61-90 0.42 (79) 0.50 (78) -0.39 (82) 
91-120 -0.89 (113) -0.83 (113) 0 .85(119) 
2004 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.97(1) 0 .72(1) -0.44 (0) 
11-30 0.72(11) 0 .50(11) -0.33 (11) 
31-60 -0.48 (60) -0.53 (60) 0.46 (60) 
61-90 -0.53 (79) -0.57 (64) -0.51 (86) 
91-120 0.93(117) 0.92(115) -0.43 (93) 
B.6: Elgin 
sand:sand sand:sand sand:sand 
1999 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.89 (0) 0 .85(1) 0.78 (3) 
11-30 0.50(11) 0.60 (11) 0.62 (11) 
31-60 0.43 (57) 0.37 (58) 0.40 (31) 
61-90 -0.49 (84) -0.56 (86) -0.16 (90) 
91-120 0.49 (120) 0.44 (120) 0.39 (120) 
2000 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.88 (0) 0 .60(1) 0.45 (9) 
11-30 0.42 (29) 0.51 (11) 0.47 (12) 
31-60 0.34 (37) 0.48 (38) 0.38 (41) 
61-90 -0.34 (76) -0.24 (83) -0.21 (81) 
91-120 0.32 (93) -0.51 (120) -0.66 (119) 
2001 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.87 (0) 0 .65(1) 0 .30(10) 
11-30 0.35 (30) 0.31 (11) 0 .36(15) 
31-60 0.31 (31) 0.26 (31) -0.39 (47) 
61-90 0.59 (76) -0.55 (90) -0.62 (76) 
91-120 0.70 (107) 0.68 (107) -0.57 (120) 
2002 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.72 (7) 0.66 (10) -0.17 (0) 
11-30 0.70 (11) 0 .77(21) 0.69 (30) 
31-60 0.53 (31) 0.59 (31) 0.82 (40) 
61-90 -0.77 (75) -0.77 (90) -0.32 (61) 
91-120 -0.64 (91) -0.82 (98) -0.84 (116) 
2003 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.94 (0) 0.91 (1) 0.82 (7) 
11-30 0.51 (11) 0 .67(11) 0.83 (20) 
31-60 0.33 (31) 0.34 (31) 0.78 (31) 
61-90 -0.54 (79) -0.58 (82) 0.76 (70) 
91-120 -0.74 (111) -0.85(115) 0 .80(112) 
2004 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.94 (0) 0.78 (1) 0.65 (5) 
11-30 0.28 (11) 0.38 (11) 0.48 (11) 
31-60 -0.34 (57) -0.39 (57) -0.39 (60) 
61-90 -0.27 (88) -0.29 (61) -0.40 (61) 
91-120 0.78 (120) -0.47(107) -0.62(108) 
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B.7: Gudmundsens 
sand:sand sand:sand sand:sand 
1999 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.86 (0) 0.66 (3) 0.52 (6) 
11-30 0.40 (11) 0.53 (11) 0.58 (30) 
31-60 0.48 (45) 0.60 (46) 0.67 (51) 
61-90 -0.39 (89) -0.35 (90) 0.64 (87) 
91-120 -0.57 (100) -0.73(103) -0.81 (109) 
2000 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 N/A N/A N/A 
11-30 N/A N/A N/A 
31-60 N/A N/A N/A 
61-90 N/A N/A N/A 
91-120 N/A N/A N/A 
2001 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 N/A N/A N/A 
11-30 N/A N/A N/A 
31-60 N/A N/A N/A 
61-90 N/A N/A N/A 
91-120 N/A N/A N/A 
2002 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.11 (8) 0 .10(10) 0 .15(10) 
11-30 0.26 (27) 0.47 (30) 0.36 (30) 
31-60 0.46 (48) 0.76 (54) 0.69 (58) 
61-90 -0.55 (88) -0.64 (90) 0.71 (71) 
91-120 0.94 (118) 0.73 (120) -0.61 (116) 
2003 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.21 (10) 0.11 (10) -0.11 (1) 
11-30 0.48 (22) 0.24 (23) -0.06 (11) 
31-60 -0.56 (57) -0.60 (56) -0.13 (60) 
61-90 -0.51 (61) 0.57 (78) 0.25 (82) 
91-120 0.88 (118) -0.66 (113) -0.60 (107) 
2004 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 -0.18(2) -0.35 (9) -0.06 (0) 
11-30 0.41 (30) -0.35(11) 0.05 (30) 
31-60 0.56 (40) 0.64 (46) 0.52 (54) 
61-90 -0.61 (88) 0.45 (61) 0.47 (61) 
91-120 0.84 (120) -0.67(101) -0.73 (107) 
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B.8: Indian Cave State Park 
silt:silt silt:silt silt:silt 
1999 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 N/A N/A N/A 
11-30 N/A N/A N/A 
31-60 N/A N/A N/A 
61-90 N/A N/A N/A 
91-120 N/A N/A N/A 
2000 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 N/A N/A N/A 
11-30 N/A N/A N/A 
31-60 N/A N/A N/A 
61-90 N/A N/A N/A 
91-120 N/A N/A N/A 
2001 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.79(1) 0.77 (1) 0.59 (10) 
11-30 0.33(11) 0.56 (11) 0.69 (23) 
31-60 -0.46 (60) 0.51 (51) 0.69 (51) 
61-90 -0.73 (68) -0.62 (72) 0.59 (61) 
91-120 0.42 (94) 0.66 (101) -0.38 (117) 
2002 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.84 (0) 0.47 (4) 0.68 (6) 
11-30 0.75(14) 0.38 (11) 0.74 (28) 
31-60 0.52 (50) 0.73 (54) 0.74 (31) 
61-90 0.61 (64) 0.69 (61) 0.76 (90) 
91-120 0.66 (105) -0.76 (103) 0 .85(102) 
2003 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.99(1) 0.96 (10) 0.88 (10) 
11-30 0.95(11) 0.96 (11) 0.96 (30) 
31-60 0.77 (31) 0.88 (31) 0.96 (33) 
61-90 0.57 (73) 0.63 (61) 0.69 (61) 
91-120 0.53 (120) 0.39 (120) 0 .34(113) 
2004 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.73 (0) 0.65 (0) 0.60 (0) 
11-30 0.28 (11) 0.38 (11) 0.45 (11) 
31-60 -0.54 (60) -0.44 (60) -0.25 (60) 
61-90 -0.55 (62) -0.45 (61) -0.35 (90) 
91-120 -0.88 (120) -0.86 (120) -0.81 (120) 
B.9: McCook 
silt:silt silt:silt s i l tx lay 
1999 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.69 (5) 0.59 (7) 0.07 (10) 
11-30 0.46 (11) 0.47 (11) 0.09 (30) 
31-60 -0.35 (35) -0.28 (36) 0.43 (60) 
61-90 0.31 (62) 0.30 (62) 0.49 (68) 
91-120 0.35(113) 0.30(113) 0.39 (113) 
2000 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.62 (3) 0.42 (10) 0.38 (10) 
11-30 -0.22 (18) 0.42 (11) 0.41 (11) 
31-60 -0.44 (45) -0.27 (48) 0 .17(45) 
61-90 0.72 (88) 0.61 (90) 0.50 (90) 
91-120 0.63 (120) 0.79 (93) 0.71 (94) 
2001 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.69 (0) 0.61 (6) 0.58 (9) 
11-30 0.27(11) 0.36 (11) 0.49 (11) 
31-60 -0.67 (43) -0.61 (45) -0.45 (45) 
61-90 0.64 (77) 0.55 (77) 0.49 (80) 
91-120 -0.89 (120) -0.85 (120) 0.71 (107) 
2002 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 N/A N/A N/A 
11-30 N/A N/A N/A 
31-60 N/A N/A N/A 
61-90 N/A N/A N/A 
91-120 N/A N/A N/A 
2003 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.96 (0) 0.91 (0) -0.53 (10) 
11-30 0.75(11) 0 .82(11) -0.73 (22) 
31-60 -0.74 (60) -0.43 (60) -0.70 (31) 
61-90 -0.77 (64) -0.54 (68) -0.47 (61) 
91-120 0.51 (120) 0.47 (120) 0.48 (120) 
2004 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.88 (0) 0.86 (0) 0.66 (0) 
11-30 0.53(11) 0.46 (11) 0.47 (26) 
31-60 -0.53 (60) -0.2 (60) -0.45 (60) 
61-90 -0.53 (61) -0.52(61) -0.44 (61) 
91-120 0.83 (98) 0.84 (98) 0.81 (98) 
B.10: Mead 
silt:silt silt:clay silt:clay 
1999 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.91 (0) 0.70 (0) 0 .16(0) 
11-30 -0.46 (21) -0.37 (20) -0.19 (18) 
31-60 -0.27 (32) 0.30 (56) -0.40 (43) 
61-90 -0.29 (80) -0.42 (88) -0.70 (88) 
91-120 0.68 (105) 0 .57(112) -0.53 (91) 
2000 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.92 (0) 0.86 (2) 0.90 (2) 
11-30 0.64 (11) 0.69 (11) 0 .75(11) 
31-60 -0.66 (52) -0.70 (53) -0.67 (60) 
61-90 -0.59 (61) -0.65 (61) -0.68 (70) 
91-120 0.87 (99) 0 .85(100) 0.80 (100) 
2001 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.82 (0) 0 .69(10) 0 .58(10) 
11-30 0.68 (11) 0.75 (23) 0.75 (24) 
31-60 0.53 (31) 0 .68(31) 0.77 (47) 
61-90 0.72 (77) 0.57 (61) 0.58 (61) 
91-120 -0.48 (97) 0.43 (91) 0.30 (91) 
2002 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.99 (0) 0.94 (0) 0.61 (7) 
11-30 0.53 (11) 0.71 (11) 0 .59(11) 
31-60 -0.52 (60) -0.60 (60) -0.58 (60) 
61-90 -0.61 (79) -0.79 (82) -0.88 (90) 
91-120 0.94 (113) 0 .93(114) -0.91 (95) 
2003 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.93 (1) 0.81 (1) 0 .78(10) 
11-30 0.78 (11) 0.85 (20) 0.91 (20) 
31-60 0.71 (31) 0.85 (31) 0.85 (31) 
61-90 -0.44 (78) 0.81 (64) 0.77 (61) 
91-120 -0.88 (107) 0.86 (105) 0 .85(105) 
2004 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.88 (0) 0.68 (10) 0.51 (10) 
11-30 0.48 (27) 0.68 (11) 0.82 (21) 
31-60 -0.53 (60) 0.55 (36) 0 .64(31) 
61-90 -0.59 (65) -0.62 (88) -0.61 (90) 
91-120 0.85 (120) -0.61 (91) -0.69 (120) 
B.l l : O'Neill 
sand:sand sand:sand sand:sand 
1999 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 N/A N/A N/A 
11-30 N/A N/A N/A 
31-60 N/A N/A N/A 
61-90 N/A N/A N/A 
91-120 N/A N/A N/A 
2000 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.79 (0) 0.69 (0) 0.49 (10) 
11-30 0.61 (27) 0 .60(11) 0.72 (29) 
31-60 0.56 (31) 0.55 (37) 0.72 (33) 
61-90 -0.30 (88) 0.31 (71) 0.39 (61) 
91-120 -0.38(111) -0.41 (120) 0 .36(111) 
2001 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.96 (0) 0.71 (2) -0.18 (0) 
11-30 -0.19(22) 0 .42(11) 0 .20(18) 
31-60 -0.52 (51) -0.53 (54) -0.48 (60) 
61-90 -0.25 (61) -0.39(61) -0.64 (67) 
91-120 0.85(106) 0.95 (109) 0.53 (120) 
2002 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.89 (0) 0.72 (2) 0.31 (10) 
11-30 0.51 (11) 0 .58(11) 0.32 (13) 
31-60 -0.32 (53) -0.54 (57) 0.55 (47) 
61-90 -0.50 (73) -0.52 (90) -0.76 (68) 
91-120 0.56 (115) 0 .95(116) -0.71 (103) 
2003 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.96 (0) 0.86 (4) 0.67 (6) 
11-30 0.54(11) 0 .75(11) 0 .65(11) 
31-60 0.67 (50) 0.65 (56) 0.50 (53) 
61-90 0.32 (61) 0.62 (61) 0.43 (61) 
91-120 0.81 (120) 0.86 (107) 0.89 (102) 
2004 Range (days) 10:25 (lag) 10:50 (lag) 10:100 (lag) 
0-10 0.94 (0) 0.80 (0) 0.66 (8) 
11-30 0.60(11) 0.68 (11) 0.67 (14) 
31-60 -0.58 (50) -0.59 (60) -0.40 (57) 
61-90 -0.55 (61) -0.59 (61) -0.47 (67) 
91-120 0.69(115) 0.71 (115) 0 .55(120) 
